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ABSTRACT 
The role of the protein PGRS in photoprotection and photosynthetic 
productivity in rice (Oryza sativa L.) 
In plants, the need to efficiently respond to constant environmental 
fluctuations has led to the evolution of photoprotective mechanisms to 
regulate photosynthetic light reactions. One of such mechanism is cyclic 
electron transport (CET) which generates a pH gradient inducing the 
nonphotochemical quenching (NPQ) of excess excitation energy, synthesis 
of ATP and maintenance of balanced redox state of the photosynthetic 
electron transport (PET) chain. Two major pathways of CET involve the 
NADH dehydrogenase-like complex (NDH)-dependent pathway, and the 
Proton Gradient Regulation 5 (PGRS)-dependent pathway. However, the 
mechanism and function of the PGRS-dependent CET to adapt the 
photosynthetic process in response to environmental variations a nd its 
impact in rice photosynthesis remains unclear. This study aims to 
determine the role of the photo protective protein, PGRS in the regulation of 
photoprotection and photosynthesis under constant as well as dynamic 
conditions and its impact on plant growth and development. 
Oryza sativa var. Kaybonnet, PGRS RNA interference (RNAi) and over-
expression (OE) transgenic rice plants were characterised based on their 
physiological and morphological traits in a controlled environment and in 
glasshouse under constant and fluctuating light intensities. 
This study showed that PGRS-dependent CET was actively occurring in rice 
leaves grown under non saturating light but its rate increased significantly 
with overexpression" of the PGRS protein in saturating light. Under constant 
and fluctuating light, elevated NPQ observed in the OE was absent in the 
RNAi lines indicating that PGRS is essential for cyclic electron flow in rice 
both during induction and at steady state photosynthesis. CO2 assimilation 
in both OE and RNAi were limited by maximum rate of carboxylation 
(Vcmax) although the RNAi was also photoinhibited. 
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Experiments under dynamic condition of low atmospheric moisture 
indicated that the PGRS-dependent CET plays an important role in 
photoprotection of PSI and PSI!. Results from this experiment further 
suggest that PGRS could function efficiently in stress alleviation both in the 
short- and long term. 
Growth and biomass accumulation in the glasshouse and controlled 
environment showed that the PGRS protein is important in rice leaf 
photosynthesis. However, in a biomass experiment, significant 
photosynthetic advantage attributed to overexpression of PGRS could not 
be identified except in photoprotection and regulation of the PET chain. 
This study indicates that the ATP/NADPH ratio may modulate PGRS-
dependent CET response in rice however, its regulation is likely to depend 
on the availability of PSI electron acceptors such as ferredoxin. PGRS may 
be important in meeting the demand for ATP in rice. 
In conclusion, this study has shown that the protein PGRS plays a very 
important role in enhancing photoprotection and is required for efficient 
photosynthesis in rice. However, there may be need for balance between 
enhancing photo protection and crop productivity in future improvement 
programmes. 
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CHAPTER ONE 
GENERAL INTRODUCTION 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Introduction 
Rice (Oryza sativa L.) is a major source of nutrition in the world especially 
in Asia and Africa (Hibberd et ai, 2008). However, rice yields in the last two 
decades have stagnated (Mitche" and Sheehy, 2006). While demand for 
rice in the next 50 years is expected to remain strong as world population 
rises, climate change may adversely impact rice production through 
extreme fluctuations in weather such as increased heat and drought leading 
to loss of arable land, decline in yield and subsequently resulting in price 
increases (Cassman & Liska, 2007; Long et ai, 2006). Thus, a major 
criterion proposed to meet global food demand and achieve food security is 
to enhance leaf photosynthetic efficiency and hence total biomass per unit 
of intercepted radiation (Battisti & Naylor, 2009; Hubbart et ai, 2007). 
Although predominantly grown in the tropics where rice is exposed to a 
wide daily variation in light intensity with photosynthetically active photon 
.. 
flux density (PPFD) reaching up to 2000 IJmolsm-2s-1 at noon on sunny 
days, the rate of rice photosynthesis. is ineffiCient, acclimating and 
saturating at light intensities at and below 1000 Jimolm-2s-1 (Murchie et al. 
1999). This may result in the induction of a series of regulatory processes 
in the photosynthetic apparatus to harmlessly dissipate the excess energy 
and/or photodamage, which in turn down-regulate phptosynthesis, 
adversely affecting plant productivity. These processes are collectively 
referred to as being photoprotective. 
2 
Enhancing the rate of recovery of photosynthesis from photoprotection has 
been suggested as a possible approach to improve photosynthetic efficiency 
in plants (Long et al. 2006). Recent advances towards understanding 
mechanisms of photoprotection in plants clearly show the possibility of 
modifying plants genetically to enhance their capacity for photoprotection 
(Shikanai, 2007). In particular, gene function can be further studied using 
a suite of tools and approaches such as gene silencing and overexpression 
techniques (Miki & Shimamoto, 2004; Hubbart et ai, 2012). With a greater 
understanding of the photoprotective mechanisms and their impact on 
photosynthesis, growth/development and ultimately grain yield, it may be 
possible to manipulate photoprotection to generate plants with enhanced 
leaf photosynthetic efficiency and capacity to fit specific environmental 
conditions. 
This thesis will present results of an investigation aimed at determining the 
impact of the Proton Gradient Regulation 5 Protein (PGRS) on 
photoprotection and photosynthetic productivity in rice. 
1.2 Photosynthesis 
Photosynthesis is the process by which light energy is 'converted' into 
chemical energy. Plant photosynthesis is driven primarily by visible light 
(wavelengths from 400 to 700 nm). This process is accomplished through a 
series of redox reactions beginning with absorption of visible light 
(wavelengths from 400-700nm) by chlorophyll located mainly in the light 
harvesting protein complexes (LHCs) of photosystem I (PS I) and 
photosystem II (PS II) in the thylakoid membrane of chloroplasts. Using 
3 
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energy from light, plants are able to synthesize carbohydrate (chemical 
energy) required for growth and metabolism. 
1.2.1 Redox reactions: an overview 
When chlorophyll in PSI and PSII absorb light energy (in the form of 
photons), an electron becomes excited causing chlorophyll to enter singlet 
excited state. Excitation energy is transferred from one chlorophyll 
molecule to another within the light harvesting complexes by resonance 
transfer until reaching the reaction centre where charge separation takes 
place. Electrons are transferred from one molecule to another creating a 
chain of redox reactions, called a photosynthetic electron transport chain to 
finally reduce NADP+ (Nicotinamide adenine dinucleotide phosphate) to 
NADPH. Other protein complexes, cytochrome b6/f and ATP synthase, using 
energy of electrons from PSII and in some cases from PSI, work together 
to create a proton gradient (8pH) across the thylakoid membrane used by 
ATPase to drive ATP synthesis. These reactions collectively known as 'light' 
reactions supply NADPH and ATP used in the 'dark' reactions (Calvin-
Benson cycle) and other assimilatory pathways. 
1.3 The Chloroplast 
In plants and other photosynthetic organisms, the chloroplast within which 
photosynthetic membranes are located is the site of photosynthesis (Figure 
1.1). The outer membrane of the chloroplast is freely permeable while the 
inner membrane allows exchange of specific photosynthetic and inorganic 
phosphate products with the cytosol. The soluble fraction (stroma) of the 
chloroplast contains enzymes of the Calvin-Benson cycle e.g. Ribulose bis-
4 
phosphate carboxylase-oxygenase (Rubisco) and inorganic ions and 
molecules such as Pi, O2, CO2 • Within the stroma are stacks of membrane-
bounded disk-like structures called thylakoids, which fold upon themselves 
into structures, called the grana (Anderson 1986). The grana are connected 
by stroma lamellae. 
Lumen 
Inner membrane 
I nter membra ne 
space 
Outer membrane 
Stroma 
Grana 
Stromal lamellae 
Thylakoid 
Figure 1. 1 Internal structure of a chloroplast 
1.4 The thylakoid membrane 
The thylakoid membrane bounds a compartment, the lumen, into which 
protons are pumped to generate a pH gradient, the ~pH. The membrane 
contains protein complexes, electron transport carriers (plastoquinone and 
plastocyanin), and photosynthetic pigments such as chlorophyll (Chi) and 
carotenoids. There are four protein complexes in the thylakoid membrane: 
5 
PSI & PSII, Cytochrome b6f complex and ATP synthase enzyme complex 
(Harbinson & Rosenqvist, 2003), collectively working to convert light 
energy into chemical energy stored in ATP and NADPH shown in (Figure 
1.2). PSI and PSII consist of their respective LHCs and reaction centres 
(section 1.6). Thylakoid membranes have two regions, the stacked (grana) 
and unstacked (stromal lamellae) regions (Figure 1.1). The grana stacks 
can be separated further into grana cores, grana margins and grana end 
membranes (Allen, 2001). Photosystem II is found mainly in the grana core 
whereas PSI is found in the stromal lamella, grana end membranes and 
margins (Danielsson et al. 2004; Albertsson, 1990). ATP synthase is found 
around the stromal lamellae margin and protrudes into the stroma (Daum 
et ai, 2010; Dekker & Boekema, 2005; Allen & Forsberg, 2001). 
Cytochrome b6/f complex is distributed throughout the thylakoid membrane 
predominantly localized in grana margins (Allen & Forsberg, 2001). 
6 
/ Thylakoid 
OEC membrane 
Stroma 
Thylakoid 
lurren 
NADPH 
~DP+ 
ADP + Pi 
t 
~ 
t Other ~ electron 
~ acceptor 
~ 
t 
ATP 
Figure 1. 2 Schematic representation of pathway for photosynthetic linear and cyclic electron 
flow and proton translocation through the major complexes within 
the thylakoid membrane. Absorbed light energy excites photosystem I! (PSI!) chlorophyll 
P680 to transfer an electron to cytochrome b6/f ' (Cb6/f) via plastoquinone (PQ). This 
transfer via PQ is induced by the Q cycle which pumps protons (H+) into the thylakoid 
lumen. Electron lost from P680 is replaced through water oxidation in the oxygen evolving 
complex (OEC) releasing H+ and 02. Photosystem I (PSI) P700 chlorophyll absorbs light 
energy causing it transfer an electron to ferredoxin (Fd) while accepting electron from Cb6/f 
via plastocyanin (PC). Fd subsequently reduce other electron acceptors including ferredoxin 
NADP reductase (FNR) which reduces Nicotinamide adenine dinucleotide phosphate (NADP+) 
. . 
to NADPH. Electrons can also cycle in a loop around PSI, with electrons transferred from Fd 
or NADPH to PQ pool. NADPH dehydrogenase mediates electron transfer NADPH to PQ pool. 
Proton Gradient Regulation 5 (PGRS) protein mediates electro n transfer from Fd to PQ. 
Protons translocated into the thylakoid lumen creates a pH gradient to drive ATP synthesis 
by ATP synthase. 
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1.5 Photosynthetic pigments 
Pigments are molecules that strongly absorb specific wavelengths of visible 
light and function in the coll~ction of light energy for photosynthesis or as 
photoreceptors for the stimulation of developmental events. Two main 
photosynthetic plant pigments located within plant's chloroplast are 
chlorophylls and carotenoids (Mlodzinska, 2009). 
1.5.1 Chlorophyll 
Chlorophyll, the most important light absorbing plant pigment in 
photosynthesis, can be divided structurally into a porphyrin ring with 
magnesium at its centre, and a hydrophobic phytol tail (Figure 1.3). There 
are two types of chlorophyll, Chi a and Chi b, different in terms of the 
composition of the functional group in the side chain. The methyl (CH 3) 
group in Chi a is replaced with a formyl (CHO) group in Chi b. Chlorophyll a 
and b have different absorption spectra: Chi a has absorption maxima at 
450 and 680 nm while Chi b has maxima at at 500 and 640 nm. 
Chlorophyll in leaves is bound within proteins complexes of the reaction 
centres of two photosystems and also within light harvesting complexes 
which enhance their capability by transfer of energy to reaction centres 
(Dekker and Boekema, 2005; Lawlor, 2001). Chi ~ functions as a light 
harvesting pigment in the antenna complexes of the photosystem and also 
serves as the primary electron donor in the reaction centres of PSI and PSII 
and as PSI primary electron acceptor (Lokstein & Grimm, 2007). Chi b is 
the "major light absorbing accessory pigment in plants, mostly found in PSII 
light harvesting complexes. 
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Figure 1. 3 Structure of chlorophyll a and b. R denotes the side group on ring II 
showing the difference between the two chlorophylls. 
1.5.2 Carotenoids 
Carotenoids are a large diverse family of hydrophobic molecules found in 
photosynthetic organism, including plants. They can be divided into two 
groups, unsaturated hydrocarbons known as carotenes (such as r3-
carotene) and oxygenated hydrocarbons called xanthophylls which include 
lutein, zeaxanthin, violaxanthin and neoxanthin. Carotenoids are essential 
structural components of the photosynthetic antenna and reaction centre of 
the two photosystem s. 
.' 
In plants, there are several well-documented essential functions of 
carotenoids. They act as accessory light harvesting pigments,. absorbing 
light at 400-S00nm (Lokstein & Grimm, 2007) which they transfer to 
chlorophyll a for use in photosynthesis. However, perhaps the most 
important function of carotenoids is photoprotection. First carotenoids can 
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protect reaction centres of PSII by rapidly quenching triplet excited states 
of chlorophylls and also singlet oxygen (Blankenship, 2002). Thylakoid 
membranes are enriched in polyunsaturated fatty acids susceptible to 
singlet oxygen generation, initiated by lipid peroxidation reactions. 
Zeaxanthin is an important antioxidant in the thylakoid membrane and is 
capable of scavenging reactive oxygen species and/or termination of lipid 
peroxidation chain reactions (Muller et ai, 2001). Carotenoids are also 
involved in regulating energy transfer in photosystem antennae in a 
process known as non-photochemical quenching (NPQ; section 1.10.3) 
which involves the xanthophyll cycle (XC) by safely dissipating excess light 
energy as heat thereby avoiding over-excitation and subsequent 
photodamage of the photosynthetic systems (Demmig-Adams & Adams 
1992; Demmig-Adams 1990). The XC shown in Figure 1.4 involves 
reversible de-epoxidation of violaxanthin via antheraxanthin to zeaxanthin 
under excess light and the epoxidation of zeaxanthin to violaxanthin in 
darkness or under low light (Havaux, 1988). The XC and NPQ limits 
photodamage in plants under excess light (Demmig-Adams & Adams 1992; 
.. 
Demmig-Adams 1990). 
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Figure 1. 4 The xanthophyll cycle. Under high-light conditions, violaxanthin de-
epoxidase is activated by the ~pH to convert violaxanthin into zeaxanthin via 
antheraxanthin. In low light, zeaxanthin is epoxidised. Taken from Szabo et al 
(2005). 
1.6 Thylakoid membrane protein complexes 
1.6.1 Photosystems 
Light energy required for photosynthesis is absorbed by photosynthetic 
pigments resulting in the release of electron (charge separation) into the 
electron transport chain within the thylakoid membrane. A large number of 
photosynthetic pigments are not involved in charge s'eparation (Croce et ai, 
1999), instead they are organised into light harvesting pigment-protein 
complexes (antennas) which collect energy from ·photons and transfer 
excitation energy from one pigmen~ molecule to another eventually 
reaching the reaction centre (RC; Figure 1.5) using an energy 'funnelling' 
mechanism (Blankenship, 2002). The RC is an integral membrane 
pigment-protein complexes that traps light energy for use in charge 
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separation across the membrane. The two photosystems, PSII and PSI 
consist of a number of light harvesting complexes (LHCs) and a reaction 
centre containing special chlorophyll, P680 in PSII and P700 in PSI (Figure 
1.5). 
Reaction centre with special 
chlorophyll (P680 or (P700) 
Carotenoid 
Chlorophyll 
Electron 
Energy and 
electron transfer 
Photosystem 
Figure 1. 5 Schematic of excitation energy transfer. Excitation energy moves 
within the antenna complex to the 'special pair' of chlorophyll molecules (P680 or 
P700) in the reaction centre, where the energy is captured and used in the transfer 
of electrons from chlorophyll to other electron acceptors. 
1.6.1.1 - Photosystem II 
Photosystem II is a multi-subunit pigment-protein complex integrated in 
the grana of the thylakoid membrane that uses light energy to catalyze 
oxido-reduction of water and plastoquinone. It is most active in its dimeric 
form (Danielsson et ai, 2006) of two similar monomers (Loll et ai, 2005). 
Each monomer consists of several sub!Jnits including the peripheral light 
harvesting antenna, the oxygen evolving complex (the site of water 
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oxidation) as well as a reaction centre core made up of the reaction centre 
and inner light harvesting antenna (Figure 1.6). 
The reaction centre core complex of PSII is closely bound to several protein 
subunits such as chlorophyll binding proteins, 01 and 02 encoded by the 
genes PsbA and PsbD respectively. These proteins form a heterodimer 
(01/02) which binds to the reaction centre special pair chlorophyll P680 
(primary electron donor during charge separation) and electron transfer 
cofactors such as amino acid tyrosine, pheophytin, quinone, J3-carotene and 
iron (Figure 1.6). 01 contains tyrosine (Yz), the primary electron donor to 
P680+ and also binds pheophytin and QB. 02 contains Yo and binds 
plastoquinone QA. The 01 protein has the highest turnover rate of all 
proteins in the thylakoid membrane under illumination (Miyata et ai, 2012; 
Oemmig-Adams and Adams, 1992) with physiological conditions inside the 
chloroplast influencing its transcription and translation (reviewed in Zhang 
and Aro, 2002). 
A number of low molecular weight « 10kOa) strongly hydrophobic 
peptides .- involved in PSII assembly, stabilization, dimerization and 
photoprotection (Shi & Schroder, 2004) are also bound to the reaction 
centre core complex. 
Closely associated to the PSII reaction centre core is the cytochrome b559, 
a heme-bridged heterodimer with 0- and J3-subunits -(products of psbE and 
psbF genes respectively; Pospisil, 2011). It has been suggested that the 
oxidase and reductase enzymatic activity of cytochrome b559 in 
conjunction with J3-carotene and chlorophyll, plays a role in the protection 
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of PSII from photoinhibition under conditions in which the primary path of . 
electron transfer leading to water oxidation is inhibited (Shinopoulos & 
Brudvig, 2012; Pospisil, 2011) and is essential for PSII assembly in green 
algae (Burda et ai, 2003). 
Chlorophyll-protein inner antenna complexes CP43 and CP47, which are 
encoded by the psbC and psbB genes respectively, are also in close 
association with reaction centre (Lokstein & Grimm, 2007). CP43 is linked 
to D1 subunit while CP47 is linked to the D2 subunit (Blankenship, 2002; 
Barber et ai, 1999). CP43-CP47 antenna pigment protein complex binds 
chlorophyll a and J3-carotene. Apart from harvesting light energy and 
transfer of excitation energy to the PSII reaction centre, CP47 and CP43 
are also thought to be involved in some way in the water splitting process 
catalysed by PSII (Barber et ai, 2000). 
Another unique component of the PSII reaction centre core is the oxygen-
evolving complex (OEC), the active site of water oxidation. The complex 
located on the lumenal surface of PSII consist of three extrinsic proteins, of 
OEE1 (PsbO), OEE2 (PsbP) and OEE3 (PsbQ) which assist in binding 
catalytic tetra nuclear manganese (Mn4) cluster to calcium (Ca 2+) and 
chloride (Cr) ions, essential cofactors in water oxidation (Roose et ai, 2007; 
Rivas et ai, 2004). In addition, OEE1 is considered critical in preventing Mn 
destabilization and system perturbation while· OEE~ is suggested as a 
concentrator of Ca2+ (reviewed in Hankamer et ai, 1997) to maintain a 
suitable ionic environment at the Mn-cluster. However, OEC subunits are 
susceptible to oxidative damage and turnover under illumination (Henmi et 
ai, 2004). Water oxidation takes place when Mn2+ of OEC goes through five 
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series of light induced oxidation states (SO to 54) to become progressively 
more oxidised (Blankenship, 2002; Kok et ai, 1970). Ultimately four 
electrons are removed (for P680+ re-reduction) from the Mn cluster 
accompanied with two water molecules splitting to release one oxygen 
molecule and four protons into the thylakoid lumen for use in ATP synthesis 
(Figure 1.6). 
1.6.1.2 Photosystem II light harvesting complexes (LHCs) 
Excitation energy supply to the PsII reaction centre core is enhanced by 
peripheral antenna systems which are made up mainly of chlorophyll alb 
binding light-harvesting proteins coded for by nuclear Lhc genes and 
xanthophylls. Two groups of PSII antenna systems known in plants include 
the monomeric minor PSII LHCs made up of Lhcb4-6 proteins (CP29j CP26, 
and CP24 respectively) and the major antenna, LHCII organised in trimers 
of three proteins (Lhcb1, Lhcb2 and Lhcb3) (Lockstein & Grimm, 2007). 
The minor complexes are thought to channel excitation energy from LHCII 
to the reaction centre core (Veeramn et ai, 2007) and are putative sites for 
dissipation' of excess excitation energy as heat measured as non 
photochemical quenching, NPQ (Ahn et ai, 2008). 
LHCII is the most important/abundant light harvesting antenna system in 
plants. It plays a major role in the regulation of excitation energy flow in 
., photosynthesis in processes that may prevent damage,. scavenge products 
of d~mage. or repair of damage of photosynthetic apparatus (Asada, 1999). 
Two of such regulatory processes identified in antennas of plants include 
state transitions which enhance the flux of excitation energy between PSI 
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and PSII by lessening imbalance in relative rates of the photosystem's 
excitation (Damkjrer et ai, 2009; Allen & Forsberg, 2001; Haldrup et ai, 
2001) and NPQ, where excess absorbed energy is dissipated as heat within 
the PSII antenna, preventing damage to the reaction centres 
(photooxidation) but may lead to photoinhibition, a sustained decline in 
photosynthetic efficiency and productivity in plants (reviewed in Long et al 
1994 and Horton et ai, 1996). 
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Figure 1. 6 Schematic structure of photosystem II complex embedded in the 
thylakoid membrane. The red and black arrows indicate primary and s·econdary 
pathways of electron transfer, respectively. 
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1.6.1.3 Photosystem I 
The second photosystem involved in light reaction of photosynthesis is the 
photosystem I (PSI), a multi subunit pigment-protein complex embedded 
mainly in the stromal regions of the thylakoid membrane. It operates a 
highly reducing system in contrast to the oxidising system of PSII (Ishikita 
et ai, 2006; Nelson & Yocum, 2006), and uses light energy to catalyse the 
reduction of ferredoxin (reviewed in Nelson & Ben-Shem, 2004). PSI 
complex, structurally mapped at 3.4 Jl. resolutions (Amunts et ai, 2007) 
exists as a monomer containing 17 core protein subunits associated with 
more than 178 cofactors of which 168 are chlorophylls, five carotenoids, 
two phylloquinones and three iron-sulphur (Fe4S4) clusters (reviewed in 
Amunts & Nelson, 2009). PSI complex consists of a reaction centre core 
associated with peripheral antenna complex, LHCI, containing chlorophyll 
alb and xanthophylls to form the PSI-LHCI super complex (Amunts et aI., 
2007; Jensen et aI., 2007). The PSI reaction centre core is formed by the 
heterodimers of two large transmembrane protein subunits PsaA and PsaB 
that binds majority of chlorophyll pigments including the primary electron 
donor special chlorophyll, P700. PsaA/B heterodimer are involved in binding 
most of the electron transport chain cofactors (reviewed in Amunts & 
Nelson, 2009) while other subunits may function in docking plastocyanin 
and ferredoxin as well as .. LHCI, LHCII during state transitions and also in 
.. PSI stabilization (Jensen et ai, 2007; Blankenship, "2002). PSI is highly 
efficient'and almost every photon absorbed results in excitatio"n of the 
special chlorophyll P700. 
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Figure 1. 7 Schematic structure of photosystem I showing electron transfer 
process. Taken from Taiz and Zeiger (2006). 
Excitation energy from antenna pigments is transferred to P700 reaction 
centre. The electron moves from P700 to reduce chlorophyll molecules Ao 
and Ai (phylloquinone) and then through a set of three iron-sulphur centres 
(Fx, FA and FB) to ferredoxin on the stromal side of the thylakoid 
membrane. Ferredoxin releases an electron used by ferredoxin - NADP 
reductase (FNR) to reduce NADP+ to NADPH. Simultaneously, oxidised P700 
becomes reduced on receiving an electron from plastocyanin, on the 
luminal side of PSI. 
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1.6.1.4 Photosystem I light harvesting complexes (LHCI) 
The peripheral LHCI complex in plant is nuclear encoded, consisting of 
chlorophyll and carotenoid binding protein pigments. Although earlier 
studies suggest that LHCI, probably containing about six to ten Lhca 
protein subunits surrounding the PSI core (Boekema et ai, 1990) or may be 
located on the side of the core complex (Boekema et al 2001). Amunts & 
Nelson (2009) indicated that LHCI is comprised of four protein subunits 
(Lhca 1- 4) organised in two adjacent heterodimers (Lhca1- 4 and Lhca2-
3), their protein stoichiometry fluctuating depending on light intensity and 
other environmental factors (Alboresi et ai, 2009). LHCI enhances light 
absorption/transfer to the PSI reaction centre core where excitation energy 
is funnelled toward P700. PSI has been suggested to function in binding 
LHCII following state transition (Lunde, et ai, 2000) 
1.6.2 Cytochrome b6/f 
The cytochrome b6f complex (cyt b6f) in. the thylakoid membrane plays a 
central role in photosynthetic electron flow transferring electrons one at a 
time from" PSII to PSI. Acting as an oxidoreductase, it catalyzes oxidation of 
a two-electron donor plastoquinol and reduction of one-electron acceptor 
protein, plastocyanin in plants which in turn reduces oxidized P700+ in PSI. 
This transfer is coupled with proton translocation across the thylakoid 
membrane to generate the proton gradient· used by ATP-synthase to 
synthesise ATP (reviewed in Allen, 2004; Kurisu et ai, 2003). The complex 
functions as a dimer and is composed of four large subunits: cytochrome f 
(petA), cytochrome b6 (petB), the Rieske iron-sulphur protein (pete), and 
subunit IV (petD) as well a~ four minor hydr~phobic subunits, PetG, PetL, 
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PetM, and PetN (Breyton et ai, 1997). The complex redox-active cofactors: 
four heme molecules, one chlorophyll a and one ~-carotene bind to the first 
three major units while subunit-IV is the binding site of plastoquinone 
(Cramer et ai, 2006; Kurisu et ai, 2003). Cyt b6f is an essential player in 
cyclic electron transport where ferredoxin (Joliot & Joliot, 2002), ferredoxin 
NADP+ (Zhang et ai, 2001) as well as proton gradient regulation 5 protein 
(Shikannai, 2007) act as intermediates between PSI and Cyt b6f complex. 
1.6.3 ATP-Synthase 
ATP synthase, a large multisubunit enzyme belongs to the family of F-type 
ATP synthase, and is similar in structure and function to bacteria and 
mitochondria complexes (Groth and Pohl, 2001). It catalyses ATP synthesis 
and hydrolysis using proton motive force derived from ~pH generated 
across the membrane as energy source. ATP is then released into the 
stroma for use in the dark reaction of photosynthesis (Calvin-Benson cycle) 
and other assimilatory pathways. 
ATP synthase has two distinct domains, the CFo - a hydrophobic integral 
membrane' multiprotein complex and CF1, - a hydrophilic peripheral 
membrane protein complex which protrudes into the stroma, both of which 
are connected by a 'coupling factor' located in the chloroplast stromal 
membranes. CF1 also contains an axle and controls proton movement 
between CFo and CF1 • The CFo domain consists of four subunits, I-IV, and 
controls proton movement across the thylakoid membrane. The other five 
subunits (0 , ~ , V, 6, and E) are constituents of CF1 domain, site of ATP 3 3 
synthesis from ADP and ,Pi, and hydrolysis (Ackerman & Tzagoloff, 2005; 
Allen 2002; Groth & Pohl;- 2001; Groth and Strotmann, 1999). The 
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CFo domain rotates in response to proton (H +) flow down a pH gradient 
across the membrane. This rotation causes the axle to rotate, altering the 
conformation of components of the CF1 domain to drive the synthesis of 
ATP. The synthase can also act as an H+ pump ATPase when its rotations 
are reversed by ATP hydrolysis. 
1.7 Linear electron transport 
Generally accepted as the major mode of electron transport in 
photosynthetic organisms, linear electron transport (LET) involves the 
sequential transfer of electrons derived from water oxidation to ultimate Iy 
reduce NADP+ using light energy (Figure 1.2). This process is initiated when 
light energy absorbed by LHCII is transferred to special pair chlorophyll 
molecule, P680 (PSII primary electron donor) to become excited (P680*), 
subsequently losing an electron to pheophytin (Pheo), the primary electron 
acceptor in a process called charge separation (Figure 1.6). Electrons from 
pheophytin are transferred to a permanently bound plastoquinone electron 
acceptor, QA and onwards via an iron atom to loosely bound plastoquinone 
acceptor, Qs. Qs, a two electron acceptor becomes fully reduced after two . 
photochemical turnovers of the reaction centre and binds two protons from 
the stroma to form plastoquinol (PQH 2). Plastoquillol moves from PSII 
binding site to enter into the hydrophobiC core of the thyl~koid membrane 
Where it transfers its electrons through the Q cycle to the Rieske Fe-S 
centre in the Cyt b6/f complex. Consequently, the process is repeated as 
. ~ 
oxidized plastoquinol returns to the Qs binding. Meanwhile in the Cyt b6/f, 
two protons are released into the thylakoid lumen while one electron is 
transferred to plastocyanin JPC), a soluble electron carrier located in the 
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thylakoid lumen which serves a's an electron donor to oxidized chlorophyll 
P700 of PSI. 
The electron transfer process in PSI shown in Figure 1. 7 begins with the 
transfer of excitation energy from antenna pigments to P700 reaction 
centre. P700 is oxidized while another chlorophyll molecule Ao (an electron 
acceptor) is reduced. The electron moves to A1 (phylloquinone) and from 
there through a set of three iron-sulphur centres (Fx, FA and FB) to 
ferredoxin on the stromal side of the thylakoid membrane (Blankenship, 
2002). Ferredoxin releases an electron used by ferredoxin - NADP 
reductase (FNR) to reduce NADP+ to NADPH. Simultaneously, oxidised P700 
becomes reduced on receiving an electron from plastocyanin, on the 
lumenal side of PSI. Protons translocated into the thylakoid lumen from 
water oxidation in PSII and oxidation of reduced PQ by the 
Cyt bElf complex results in the generation of transthylakoid pH gradient 
providing the energy to drive ATP synthesis. ATP and NADPH produced are 
both used in carbon fixation. 
At the PSII donor side, light energy allows the cycle of P680 eXCitation, 
OXidation and reduction to be repeated which allows oxidised P680 (P680+) 
to sequentially extract electrons from tyrosine Z (Yz).. Yz in turn extracts 
electrons from the Mn-cluster in the DEC via the S-state accompanied with 
water splitting and release of an oxygen molecule and four protons into the 
. thylakoid lumen (Figure 1.6). 
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1.8 Cyclic electron transport 
The ratio of ATP to NADPH produced via LET route has been suggested to 
be insufficient to meet the requirements of the Calvin-Benson cycle in 
plants (reviewed in Miyake, 2010, Eberhard et ai, 2008). To meet this 
shortfall, alternative electron transport pathways such as the Mehler 
reaction and cyclic electron transport (CET) route around PSI has been 
suggested to supply the extra ATP required to balance chloroplast's ATP: 
NADPH requirement (Miyake, 2010; Shikanai, 2007). Although first 
described as cyclic phosphorylation in the early 1950s (Arnon et ai, 1954) 
knowledge concerning details of CET mechanisms and its physiological 
function is still being unravelled. As shown in Figure 1.2, CET activity is 
driven solely by PSI with electrons recycled in a loop from PSI to 
plastoquinone via either reduced ferredoxin or NADPH and onwards to 
increase flow of electron through Cyt br/f complex of the electron transport 
chain. The Q cycle subsequently transfers protons from the stroma into the 
thylakoid lumen enhancing its acidification to generate a large pH gradient 
(~pH) which provides energy required for ATP synthesis without 
accumulating NADPH (Shikanai, 2007). This is crucial for the Calvin-Benson 
cycle to function efficiently while meeting the reqUirements of other 
assimilatory pathways (Shikanai, 2007). Apart from ATP synthesis, high 
(~pH) generated via CEF also functions in photoprotection, controlling light 
,harvesting which enables plants to cope with excess ,light or fluctuating 
light. flux·'under natural conditions (reviewed in Johnson, 2011; Munekage 
et ai, 2004). The photoprotective role of CET will be discussed in section 
1.12. 
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1.9 Mehler reaction 
The Mehler reaction (water-water cycle) routes electrons from water 
oxidation in PSII to PSI where reduced ferredoxin or one of the Fe-S 
clusters bound to PSI is oxidized by molecular oxygen (02 ) instead of 
NADP+. This process results in the formation of superoxide radicals (02-) 
which are rapidly converted to hydrogen peroxide (H 202) and oxygen (02) 
by copper/zinc superoxide dismutase (Cu/ZnSOD). H20 2 may accumulate in 
the stroma, oxidizing thiol groups while inactivating irreversibly the Calvin 
cycle enzymes, namely, NADP-glyceraldehyde-3-phosphate dehydrogenase, 
fructose-1,6-bisphosphatase and phosphoribulokinase (Kaiser 1979). In 
addition, H20 2 generates a hydroxyl radical through the Fenton reaction if 
transition metal ions, irons and copper are present (Asada 1996; Halliwell & 
Gutteridge, 1992). The hydroxyl radical oxidatively damages RuBisCO 
(Ishida et al 1997, 1998) and glutamine synthetase (Palatnik et al 1999). 
To prevent such damages, H20 2 must be scavenged as rapidly as it is 
produced. The water-water cycle scavenges O2- and H20 2 (Asada 1999). 
The H20 2 ' is rapidly converted back into water by membrane-bound 
ascorbate peroxidase (thylakoid-APX) in a series of complex reactions also 
called the water-water cycle. Thus, efficient degrada~ion of superoxide to 
water helps to avoid/reduce damage to the chloroplast by toxic H20 2 and 
O2 - (reviewed in Eberhard " et ai, 2008). The ascorbate used by thylakoid-
APX is converted into monodehydroascorbate, an ascorbic acid radical, and 
" 
subsequently reduced back to ascorbic acid by ferredoxin using PSI 
electrons (reviewed in Miyake, 2010; Eberhard et ai, 2008). Overall, the 
24 
cycle passes electron from PSII water molecule to another water molecule 
produced by peroxidase proximal to PSI. 
Apart from scavenging O2- and H20 2 to prevent photodamage, the water-
water cycle also pumps protons into the thylakoid lumen, maintaining pH 
gradient (~pH) across the thylakoid membranes when fewer electron 
transport acceptors are available in PSI. This ~pH enhances ATP synthesis 
as well as dissipation of excess light energy as heat (reviewed in Eberhard 
et ai, 2008). Although physiological and biochemical studies have inferred 
the role of the water-water cycle, estimates of its contribution to 
photosynthesis are still under debate. However, Makino et al (2002) 
showed in rice that the water-water cycle functions at the start of 
photosynthesis by generating ~pH across thylakoid membranes required for 
thermal dissipation of excess excitation energy and supplying ATP for 
carbon assimilation. This cycle was also implicated in protecting Arabidopsis 
thaliana from photooxidative stress (Rizhsky et ai, 2003) while recently, 
Strizh (2008) suggested that the Mehler reaction plays an important role in 
stress sensing and redox signalling in a variety of plants. 
1.10 Photoprotection and photoinhibition 
Photosystem II (PSII) light harvesting antenna system in plants serve to 
increase the amount of captured light energy transferred to the reaction 
centre and also plays a key role in the regulation of light harvesting (Horton 
et ai, 1~96). However, in high light, plants may absorb excess .excitation 
energy beyond their photosynthetic capacity. Also, adverse environmental 
conditions such as drought, cold or high temperature could limit carbon 
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dioxide supply by closing the stomata, reducing rate of photosynthesis and 
thus predisposing plants to accumulation of excess excitation energy. The 
build-up of excess energy enhances production rate of triplet chlorophyll 
eChl) e.g by intersystem crossing and toxic reactive oxygen species (ROS) 
which may induce photodamage to lipids, critical pigment cofactors and 
f 
PSII protein subunit within the photosynthetic apparatus. Accumulation of 
3Chl and ROS in turn leads to sustained lowering of the quantum yield of 
PSII, which adversely affects photosynthesis, growth and development in 
plants, a condition known as photoinhibition (Murchie & Niyogi, 2011; Ort 
et al. 2011). 
Although photosynthetic plants possess a complex set of regulatory 
mechanisms to dissipate toxic species (Asada, 1999), damage to the 
photosynthetic apparatus may still occur and additional mechanisms are 
present to repair the system. Part of the core PSII reaction centre complex 
is the D1 protein, a major target of photoinhibitory damage induced by 
inefficient electron transfer at the donor or acceptor sides of PSII 
(Andersson & Aro, 2001). The donor side mechanism occurs when rate of 
electron donation to PSII surpasses the rate of electron removal to the 
acceptor side, leading to an increase in the lifetime of P680+ and Yz + 
(oxidized form of redox active tyrosine of PSII D1 protein) which then 
oxidizes PSII reaction centre proteins and pigments (Andersson & Aro, 
2001). Photoinhibitory damage induced on the acceptor side involves 
primary.· charge separation between the chlorophyll dimer, P680 and 
pheophytin molecule (Pheo) to form a primary radical pair, P680+jPheo-. 
Recombination of P680:lPheo- enhanced by impairment of QA function 
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gives rise to triplet chlorophyll (3p680) which can readily react with oxygen 
to form singlet oxygen e02). 102 is highly reactive, oxidizing pigments, 
redox active cofactors and proteins especially D1 causing damage to the 
reaction centre and subsequently inducing photoinhibition (Andersson & 
Aro, 2001). 
Damage of D1 protein is reversible because plants possess a remarkable 
damage-repair cycle in which the damaged PSII reaction centre migrates 
into the stromal lamellae and is disassembled while damaged D1 is 
degraded. The degraded D1 protein is replaced with a newly synthesized 
protein molecule and subsequently reassembled into a functional PSII 
before migrating back to the grana thylakoid (Aro et ai, 1993). Thus, the 
amount of D1 damage, migration rate of PSII reaction centres, the 
decomposition of damaged D1, as well as the rate of synthesis of new D1 
determine the extent of photoinhibition (Long et aI., 1994). However, 
inhibition of the repair of photodamaged PSII at the step of the de novo 
synthesis of the D1 protein was proposed as a major limitation (Takahashi 
et ai, 2009). 
Whenever the PSII rate of da mage exceeds its rate of repair, usually in 
excessive light or other stress conditions, inactive. PSII reaction centres 
accumulate resulting in decreased photosynthetic efficiency. Such plants 
are said to be photoinhibited as a result of the net loss of functional PSII 
reaction centres and in extreme conditions of photodamage, may suffer 
oxidative stress. To limit photoinhibition, plants have developed several 
protective mechanisms to control light energy absorption, utilization and 
-' 
disSipation under excess light (Horton et ai, 1996). 
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Photoprotective mechanisms include prevention and control of excess light 
absorption, removal of reactive oxygen species and quenching of 
chlorophyll excited state (reviewed in Murchie & Niyogi, 2011; Horton et al 
2008). The first group of photoprotective mechanisms include adjustments 
of leaf area and angle, chloroplast movement, changes in antenna size and 
organization of LHCs (Ort et al. 2011; Jiang et ai, 2006; Wada et ai, 2003). 
The second group involves scavenging of reactive oxygen species by 
carotenoid and components of the antioxidant system especially the 
reduced ascorbate and glutathione (Foyer & Shigeoka, 2011). The third 
category involves dissipation of up to 75% excess absorbed light energy as 
heat (Kiss et al 2008) which involves quenching of singlet excited state 
chlorophyll eChl) measured as nonphotochemical quenching (see 1.10.3) 
by chlorophyll fluorescence analysis (reviewed in Krause & Weis, 1991). 
1.10.1 Chlorophyll fluorescence 
As chlorophyll molecules, mostly PSI! chlorophyll a, absorb light photons, 
they move into a higher energy state, releasing their energy (decay) over 
time as chlorophyll fluorescence. This process is however in competition 
with other processes: 
1. Photochemical reaction (Kp) 
2. Thermal deactivation (heat dissipation) (Ko) 
3. Excitation energy transfer to nonfluorescent pigments (KT) 
Re-emitted light from decayed chlorophyll in proportion to other competing 
processes can be measured as fluorescence yield of chlorophyll (<PF) and it 
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accounts for around 3% of absorbed light under physiological conditions 
(reviewed in Krause & Weis, 1991). Because fluorescence is emitted at 
longer wavelengths than absorbed light, it can therefore be measured as 
the amount of re-emitted fluorescence by exposing a plant to a light of 
defined wavelength. Fluorescence yield can be quenched either by an 
increase in Kp ending up as photochemical quenching (qP) or an increase in 
Ko or KT which results in nonphotochemical quenching (NPQ). Energy 
distribution between these three processes is flexible and constantly 
changes with environmental conditions (Kramer et al. 2004; Krause & Weis 
1991). Because chlorophyll fluorescence yield can be measured, 
information on the potential yield of qP and NPQ will enable us understand 
the functional state of the photosynthetic apparatus in terms of 
photochemical and photoprotective mechanisms utilised by plants under 
different environmental conditions (reviewed in Krause & Weis, 1991). 
1.10.2 Chlorophyll fluorescence analysis 
A simple and robust method to measure chlorophyll fluorescence as well as 
photosynthetic efficiency in plants is via the use of modulated measuring 
system. This method permits only fluorescence yield stimulated by the 
measuring light to be recorded as a result of which fluorescence yield in the 
light can be measured (Schreiber et ai, 2004; Quick & Horton 1984) as 
described. 
When a leaf kept in the dark is illuminated with weak measuring light, a 
minimum level of fluorescence (Fo) is attained, at which point all reaction 
centres of PSII are said to be 'open', QA is fully oxidized and photochemical 
efficiency is at a maximum rate. If after reaching Fo, a saturating light for a 
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very short duration (~1 s) 'is applied, QA becomes maximally reduced 
closing all reaction centres. At this point photochemistry is at a minimum 
and maximum fluorescence level (Fm) is attained . 
............... F 
F ............ ..----~ 
Measuring 
Iilzht 
Actinic light 
Saturating light 
Saturating 
light 
............... Fm' 
Actinic light off 
.......... Fm" 
Figure 1. 8 An example of fluorescence trace showing the decrease in fluorescence 
yield after illumination. Fo is the minimum fluorescence after the measuring light is 
.. 
turned on. Fm and Fm, are the maximum fluorescence in the dark and light adapted 
sate respectively. Fo' is the minimal fluorescence in the light while Fm" maximum 
fluorescence during relaxation. Ft is the steady state fluorescence level at any time 
and it is estimated as the difference between Fm and Fo at that time. 
The difference between fluorescence emission between Fm and Fo is 
described as variable fluorescence (F,{), From these parameters, the 
potential yield of PSII photochemistry when QA is fully oxidized can be 
calculated as Fv /Fm or (Fm - Fo)/ Fm which describes the physiological state 
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of the photosynthetic apparatus in intact leaves. Fv/Fm value in leaves of 
most species is around 0.832 decreasing when plants are exposed to stress 
conditions (Bjorkman & Demmig, 1987). Ft is the steady state fluorescence 
level at any time and it is estimated as the difference between Fm and Fo at 
that time (Figure 1.8). 
Photochemical quenching of chlorophyll fluorescence occurs when there is a 
decrease in fluorescence yield as a result of partial oxidation of QA with 
electrons transferred to PSI. qP denotes the proportion of absorbed light 
energy that is used in photochemistry. A quantitative relationship for the 
amount of this quenching effect is defined as (Fm'-Ft)/(Fm'-Fo') which is 
equal to unity when all reaction centres are open and approaches zero as 
reaction centres close. Other fluorescence parameters can also provide 
information on the photochemical efficiency of a leaf. <D(II) estimates the 
quantum yield of PSII electron transfer and is calculated as (Fm'-Ft)/Fm', 
reflecting the efficiency of PSII reaction centres under illumination. <D(II) is 
used to calculate rate of linear electron transport (J) by <D(II) x PFDa 
(absorbed photon flux density measured with an integrating sphere) x (0.5) 
and therefore photosynthetic rate (Maxwell & Johnson, 2000; Genty et al 
1989). 
Nonphotochemical quenching decreases fluorescence yield of PSII reaction 
centres when QA is reduced. It can be quantified relative to a dark adapted 
reference level, Fm, where photochemical efficiency is'maximum and heat 
dissipation is at a minimum (Maxwell &. Johnson, 2000).· NPQ defined by 
(Fm-Fm')/(Fm') provides information on processes affecting the antenna 
system and electron transfer activities in plants (Maxwell & Johnson, 2000). 
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NPQ can be divided into distinct components described below (Section 
1.10.3) with each component quantified from fluorescence yield parameters 
at steady state under illumination and during dark relaxation. The different 
components of NPQ relax' at different rates and can therefore be 
distinguished from each other. The fast relaxing component assigned 
energy-dependent NPQF (qE) is calculated as (Frn/Fm') - (Frn/Fm"), where 
Fm" is the maximal yield of fluorescence after a period of dark relaxation 
following the actinic illumination. The slowly relaxing component (NPQs or 
qI) is described as (Fm - Fm")/Fm" while state transition (NPQT or qT) is 
calculated as (Fm - Fm')/Fm' (Maxwell & Johnson, 2000). 
1.10.3 Nonphotochemical quenching 
Under high light conditions, plants may absorb light energy in excess of the 
requirement for photosynthesis resulting in over excitation of chlorophyll 
molecules over-reduction of the electron transport chain and over-
acidification of the thylakoid lumen. Excess excitation energy which 
potentially can cause photodamage is dissipated as heat. The amount of 
energy dissipated can be monitored by the nonphotochemical quenching of 
chlorophyll fluorescence (reviewed in Eberhard et ai, 2008 & Horton et ai, 
1996). There are three major components of NPQ: quenching related to 
state transition (qT), photoinhibition (qI) and energy"-dependent quenching 
(qE). 
1. State transition related quenching, qT 
This component involves changes in the relative sizes of PSI and PSII 
antenna in order to balance flux of excitation energy between the two 
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photosystems. State transitions depend upon a reversible phosphorylation 
of antenna proteins e.g. LHCII, by a membrane bound protein kinase which 
in turn causes migration of the phosphorylated protein from the grana 
thylakoid to the stromal lamellae to associate with PSI. qT relaxes over 
minutes and its contribution to quenching in plants is insignificant 
(reviewed in Eberhard et ai, 2008) because plants deficient in qT show 
normal growth rate under continuous light (Tikkanen et al. 2006). 
However, under fluctuating light conditions, qT deficient mutants have been 
shown to exhibit slower growth rate and a more reduced plastoquinone 
pool (Bellafiore et al. 2005). Finazzi et al. (1999) also suggested that under 
limiting CO2 and a highly reduced electron transport chain, qT may be 
associated with transition from linear to cyclic electron transfer. 
2. Photoinhibitory quenching, qI 
This type of quenching is linked with stronger level of light stress and 
reverses slowly over a long period of hours. Part of this quenching portrays 
photoinhibition of PSII reaction centres described in 1.10, while a major 
part reflects sustained quenching of the antenna, a protective process 
thought to operate even when PSII is fully functional (Horton et ai, 1996). 
Although qI incorporates both photodamage and pho~oprotection which has 
made it difficult to characterise, chlorophyll fluorescence can be used to 
differentiate them (Mulleret ai, 2001). Photoinhibition of damaged reaction 
centres increases Fo level while decreasing Fm level. Sustained quenching 
decrease~ .. Fo level in direct proportion to Fm (Gilmore et ai, 1996). 
Formation and relaxation of sustained quenching has been associated with 
zeaxanthin retention even after ~pH is dissipated (Demmig-Adams et ai, 
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1989). The mechanism operating in qI is thought to be similar to that of qE 
because energization of the thylakoid membrane persists in the dark. 
(Horton et ai, 1996). qI is measured as NPQs, the slow component of NPQ. 
3. Energy-dependent quenching, qE. 
The major component of NPQ, qE, forms within minutes of exposure to light 
and is rapidly reversible in the dark. It depends on a change in thylakoid 
lumen pH below 6 (Munekage et ai, 2001) to generate a ~pH across the 
thylakoid membrane which results in energy dissipation in PSII antennae 
under saturating light, thus reducing excitation pressure on the 
photosynthetic electron transport chain. The ~pH triggers de-epoxidation of 
LHCII-bound xanthophyll cycle pigment violaxanthin into zeaxanthin and 
the protonation of PsbS a protein related to LHCs of PSII (Li et ai, 2004). 
Synergy between these factors produces conformational changes in the 
antenna of PsbS creating singlet excited state chlorophyll quencher, qE 
(Johnson & Ruban, 2011; Horton et ai, 1996). Strict regulation of qE by 
the pH in the thylakoid lumen allows PSII antenna to switch between its 
primary function of light harvesting and energy dissipation in fluctuating 
light. Joliot & Finazzi (2010) showed that the relationship between qE and 
~pH varies with the state of the xanthophyll cycle. de-epoxidation, with 
maximum qE attained at lumen pH below 6 in the presence of zeaxanthin, 
suggesting that zeaxanthin modulates qE kinetics (Ruban et ai, 2001). The 
. PsbS protein subunit, thought to act as a sensor of the'lumen pH (Li et ai, 
2004) is also postulated to. function in concert with minor components of 
LHCIIs as the site of energy dissipation (Horton et ai, 2008). 
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qE protects via therma I dissipation of energy from singlet excited state 
chlorophyll in PSII antenna complexes, minimizing the production of triplet 
excited state chlorophyll molecules that react with ground state oxygen to 
form toxic singlet oxygen and function in maintaining efficient protein 
synthesis. Furthermore, qE may down-regulate PSII activity and suppress 
the production of hydrogen peroxide via superoxide in the Mehler reaction 
(Asada, 1999). 
The nature of qE is controversial and a number of models have been 
proposed for its mechanism. Holt et al (2004) suggested a direct role for 
zeaxanthin, involving direct transfer of singlet exciton from chlorophylls to 
zeaxanthin to form a zeaxanthin cation in PSI I antenna by a mechanism 
that would depend on PsbS and ~pH. In contrast, a pH/PsbS modulated 
conformational change was suggested which induce the formation of a 
dissipative state in the PSII, with zeaxanthin acting as an allosteric effector 
of qE- implying an indirect role of zeaxanthin in qE formation (Horton et ai, 
1996). In addition, a third type of quenching was observed independent of 
the carotenoids of the xanthophyll cycle (Crouchman et ai, 2006; Finazzi et 
ai, 2004) but enhanced on zeaxanthin retention (Kalituho et ai, 2007). 
The zeaxanthin independent quenching could be relat~d to activities at the 
PSII reaction centre (Finazzi et ai, 2004) or PsbS modulation -of PSII light 
harvesting capacity (Crouchman et ai, 2006).- This type of quenching is 
-transiently induced in dark-adapted leaves when exposed to non-saturating 
light -. and disappears once steady state photosynthesis is attained (Kalituho 
et ai, 2007; Finazzi et ai, 2004) reflecting changes in the process of the 
CO2 fixation by the Calvin-Benson cycle. Stress conditions will modify rate 
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of CO2 uptake and utilisation 'affecting demand for ATP synthesis. The size 
~pH, probably enhanced by CET, will subsequently increase eventually 
inducing qE. 
1.11 Pathways of CET 
Whenever plants absorb light energy beyond the capacity of the Calvin-
Benson cycle, a pH gradient is generated across the thylakoid membrane 
by the linear electron transport system. This process is further enhanced by 
alternative electron transfer system specifically CET (see section 1.8), a 
major contributor to ~pH (Munekage et ai, 2002) through increased 
electron transfer from PSI back to plastoquinone. 
Two major pathways to link the reducing side of PSI to the plastoquinone 
(PQ) pool are present in plants. One of such is the chloroplast mediated 
NAO(P)H dehydrogenase (NOH) complex shown recently to form a 
supercomplex with PSI (Peng et al 2011). NOH activity has been found in a 
number of plant species (Shikanai, 2007). It is an approximately SSO kOa 
thylakoid membrane protein complex constituting 0.2% of total thylakoid 
membrane protein (Sazanov et aI, 1998). Several studies have shown the 
involvement of the NOH complex in alleviating oxidative stress (reviewed 
in: Shikanai, 2007; Wang et aI, 2006; Munne-Bosch et aI, 200S; Horvath et 
aI, 2000; Endo et aI, 1999). 
Another pathway is mediated by ferredoxin-dependent PQ oxidoreductase 
(FQR; Shikanai, 2007). This pathway is sensitive to antimycin A, an 
electron transport inhibitor. The majority of CET -induced ~pH is associated 
with the antimycin A-sensiti~.e pathway (Munekaga et aI., 2004). 
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Munekage et al (2002) isolated an Arabidopsis thaliana mutant defective in 
qE formation due to a lack of ~pH and affected in cyclic flow of electrons 
associated with the antimycin A-sensitive pathway. This mutant was also 
sensitive to photoinhibition and showed decreased growth under excessive 
light. The mutant lacks Proton Gradient Regulation 5 (PGRS) protein. PGRS 
is a 10kDa nuclear encoded thylakoid membrane protein sensitive to 
antimycin A (Munekage et ai, 2002). During the shift from low to high light, 
a dose-dependent increase in rate of CET was shown in lines 
overexpressing PGRS (Okegawa et al 2007). 
Another A. thaliana mutant deficient in a different thylakoid membrane 
protein, PGRS-like1 (PGRL1) was isolated. This mutant showed CEF 
inhibition similar to that of Arabidopsis pgrS (DalCorso et ai, 2008). These 
two proteins have been proposed to interact physically with PSI, ferredoxin 
and cytochrome b6f to facilitate CET in plants; Specifically PGRL1 is thought 
to anchor PGRS to the thylakoid membrane forming a protein complex 
(DalCorso et ai, 2008). While CET was inhibited under stress conditions 
such as high light in plants lacking PGRS or PGRL1 they were still able to 
carry out cyclic flow comparable to the wild type, suggesting that these two 
proteins may not be essential for CET (DalCorso et ai, 2008; Nandha et ai, 
2007) and that rate of electron flow to PSI may be inhibited by regulatory 
processes (Joliot & Johnson, 2011). Early studies have shown that redox 
poising of electron transport to avoid over-oxidation' <?r reduction of the 
electron transport chain is essentia I for" efficient CET (Allen, 2002) with 
Nandha et ai, 2007 suggesting the involvement of PGRS in the redox 
poising of the electron., transport chain. Thus, impairment of CET in 
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Arabidopsis pgrS and pgrL1 mutants suggests the role of PGRS/PGRL1 
protein complexes in regulating redox poising of the electron transport 
chain. 
Regulation of the redox state of several components of the electron 
transport chain has been shown to occur at the level of the cytochrome bf 
complex, specifically during plastoquinol oxidation (Joliot & Johnson, 2011; 
Ott et ai, 1999). This regulation is sensitive to the pH of the thylakoid 
lumen, slowing down the flow of electrons through the cytochrome bf 
complex, a complex sensitive to redox poising (Johnson 2003). Work from 
Hald et al (2008) has led to the proposal that the redox state of the 
NADP/H pool regulates the cytochrome bf complex. The regulation of 
electron flow before PSI, preventing over reduction of the electron 
transport chain suggest that cytochrome bf complex plays a significant role 
in protecting plants from photooxidative stress, a role which may be 
inefficient in pgrS and pgrll mutants (Johnson, 2011). 
1.12 Role of CET in photoprotection 
Increases in thermal quenching (qE and qI) down-regulate PSII yield 
measured as decrease in the value of Fv/Fm (Long et al. 1994). Dark 
adapted (Fv/Fm) values been used as an indicator of photoprotection in rice 
(Tang et al. 2002; Murchie et al. 1999) and other plants (Ibaraki & 
Murakemi, 2006). Majority of mechanisms controlling t~is down regulation 
are controlled by acidification of the tllylakoid lumen (~pH) enhanced 
through CET, which triggers photoprotective qE quenching of excitation 
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energy and therefore responds rapidly to changes in light intensities under 
natural conditions (Takahashi et al. 2009; Munekage et al. 2004). 
Takahashi et al (2007) proposed that CET -dependent generation of ~pH 
helps to alleviate photoinhibition by at least two contrasting 
photoprotection mechanisms: one is linked to qE generation and prevents 
the inhibition of the repair of photodamaged PSII at the step of D1 protein 
synthesis, and the other is independent of qE and suppresses photodamage 
to PSI!. However, recent studies have shown that CET plays a key role in 
photoprotection via qE activation in response to varied (adverse) 
environmental stimuli. In C3 plants, CET has been reported to regulate ~pH 
in order to control light absorption via NPQ (Johnson, 2005) with higher 
PGR5 level sustaining transient NPQ longer under fluctuating light (Endo et 
al. 2008). Substantial increases in ~pH activated qE following a transition 
from prolonged dark acclimation into high light during the induction of 
photosynthesis from have been reported (Joet et al. 2002; Joliot & Joliot, 
2002). In a study comparing the water-water cycle and CET in Rubisco 
deficient transgenic rice, Makino et al. (2002) reported CET around 
photosystem I (PSI) acts to maintain a higher NPQ in the long-term, thus 
preventing PSI photoinhibition/photodamage, in conditions in which the 
absorption of light energy for photosynthesis exceeds its rate of utilisation. 
In such conditions causing over-reduction of LET and the stroma in plants, 
it is suggested that CET increases flow of electrons from LET and PSI back 
into the plastoquinone pool accompanied" by H + intake into the thylakoid 
lumen from the stroma (Shikanai, 2007). This subsequently increases ~pH, 
activating qE and increasing ATP synthesis (Shikanai, 2007). CET was 
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significantly stimulated under 'high light and drought stresses to activate 
NPQ (Golding & Johnson, 2003; Miyake et al. 2005). Takahashi et al. 
(2007) showed that impairment of photosystem I CET by mutation of PGR5 
suppressed qE and accelerated photoinhibition. 
1.13 Role of CET in photosynthesis 
In changing environment, LET generates ATP and NADPH at a fixed ratio 
insufficient to meet the requirements of the Benson-Calvin cycle and other 
metabolic processes in the chloroplast (Allen, 2002; Joet et aI, 2002; 
Johnson, 2005). The generation of ~pH dependent CET across thylakoid 
membranes not only activates qE, alleviating over-reduction of acceptor 
side of PS I thus preventing photoinhibition, it is also used by ATP synthase 
to activate ATP production without generating NADPH in order to maintain 
proper ATP/NADPH ratio in the chloroplast (Shikanai, 2007; Heber & 
Walker, 1992). 
CET is generally known as an important source of ATP synthesis including 
bundle sheaths of C4 plants where it is associated with a low amount of 
PSII (Majeran et ai, 2008) and a high amount of PGR5 protein and NDH 
complex subunits in bundle sheath chloroplast, relative to species in 
question (Johnson et aI, 2011; Munekage et aI, 2010). Although still 
controversial in terms of its role, CET is thought to play an insignificant role 
.,in C3 plants under steady state photosynthesis except .during induction of 
photosynthesis and under stress condition~ (Nandha, et ai, 2007; Golding & 
Johnson, 2003; Golding et ai, 2004; Allen, 2002). In contrast, Munekage et 
al (2008) showed that .. impairment of PGR5-dependent CET inhibited 
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photosynthesis and subsequently reduced growth in Arabidopsis suggesting 
that PSI CET is essential for steady state photosynthesis in C3 plants. 
Indeed, the pgrS defect was also suggested to lead to an imbalance in 
ATP/NADPH ratio during photosynthesis inhibiting normal growth. When 
ATP production is inadequate, unused NADPH by the Calvin cycle 
accumulates in the stroma of the thylakoid membrane resulting in the over 
reduction of the electron transport chain and photoinhition/photodamage 
(Munekage et ai, 2004). To support this, recent studies showed mutants 
lacking the PGRS protein are specifically defective in qE-type of NPQ and 
CET and as such are more sensitive to photoinhibition whilst showing 
decreased photosynthesis, growth and fitness under high light/fluctuating 
light and other stress conditions (Suorsa et ai, 2012; Takahashi et ai, 
2009; Munekage et ai, 2008). 
Similar reductions in photosynthesis, growth and fitness have been 
observed in low qE plants deficient in PsbS (Hubbart et ai, 2012; Tikkanen 
et ai, 2010; Li et ai, 2002). qE has been shown to affect plant productivity 
when grown under fluctuating light in the growth chamber or field. For 
example npq4, a qE deficient mutant, declined in fitness which was 
attributed to a decline in PSII quantum yield (Kulheim et ai, 2002). Based 
on metabolic analysis, Frenkel et al (2009) suggested diversion of 
carbohydrates towards defence rather than growth may explain the decline 
in performance observed in plants. However, Hubbart et. al (2012) recently 
showed that qE attributed to PsbS accumulation exerts a direct control over 
leaf photosynthesis via PSII redox state, suggesting that improvement of 
photoprotective processes is critical to achieve maximum photosynthetic 
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productivity even in the absence of photoinhibitory stress. Similarly, 
Murchie et al (2009) proposed optimization of photoprotective processes is 
critical in order to increase stress tolerance, biomass and photosynthetic 
productivity of crop plants. Since many studies have reported the 
occurrence of CET under stress conditions, the exact effect of qE induced as 
a result of PGRS-dependent CET activity in rice leaf photosynthesis under 
varying environmental conditions is yet to be determined. Generally 
studies on PGRS-dependent CET have mainly been in Arabidopsis thaliana 
(Takahashi et al. 2009; Munekage et al. 2008, Shikanai, 2007). 
Appreciating the possible function of PGRS-CET in the context of plants 
species and ecology will enable us gain clear understanding of the function 
as well as limitations of CET (Johnson, 2011), making it possible to 
manipulate photo protection in plants towards enhancing rice leaf 
photosynthesis. 
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1.14 AIMS 
It is clear that PGRS is involved in the regulation of photoprotection and 
photosynthesis although its biochemical function is still unknown. 
Arabidopsis thaliana has been a model crop in elucidating the role of PGRS-
dependent CEF in photoprotection and photosynthesis (Takahashi et al. 
2009; Munekage et al. 2008) and as such studies have suggested PGRS-
dependent cyclic flow function under stress. However little is known about 
the function of this protein in more 'physiologically demanding' plants such 
as rice, particularly how PGRS affects rice photoprotective responses and its 
potential impact on rice photosynthesis. 
This work aims to determine the role of the photoprotective protein, PGRS 
in the regulation of photoprotection and photosynthesis under constant as 
well as dynamic conditions and its impact on plant growth and development 
using transgenic rice plants with manipulated levels of the PGRS protein. 
Specific objectives include: 
• Characterization of photosynthetic capacity and growth performance 
of PGRS transgenic rice plants grown under steady non-
photoinhibitory stress conditions. 
• Response of transgenic rice plants to dynamic environmental 
conditions. 
• Investigation of the potential impact of the PGRS protein on 
.... 
. photoprotection, photosynthetic efficiency and growth of rice crop at 
the canopy level. 
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CHAPTER 2 
MATERIALS AND METHODS 
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CHAPTER 2: MATERIALS AND METHODS 
2.1 Gene sequence identification, transformation and plant 
material 
In a previous microarray study performed using chips designed by 
Syngenta, Murchie et al (2005) measured the effect of high light imposition 
on global gene expression in rice. Levels of some transcripts involved in 
photoprotection increased several fold including a sequence with high 
similarity to Arabidopsis pgrs. A suitable probe sequence annotated as pgrs 
was obtained from genomic sequence shown below, equivalent to 
Os08g0s66600. This probe sequence was used to transform the rice 
cultivar Oryza sativa var Kaybonnet at Syngenta, North Carolina using 
Agrobacterium mediated techniques. Transgene expression was driven by 
the Cestrum yellow leaf curling virus promoter, TATA box and other 
enhancers. Plants were stably transformed into PGRs protein RNA 
interference (RNAi) and overexpression (OE) transformant lines (To 
generation). Due to the sequence similarity, we refer to this protein as 
PGRs. Progeny from the various lines were advanced to T 2 generation from 
which four lines were selected based on their NPQ level for use in this 
study. The lines include RNAi 151 RNAi 158, OE139 ~ OE 147. Because of 
the possibility of segregation, all T 2 plants were screened for their NPQ level 
before analysis as described in 2.9. Untransformed Kaybonnet rice variety 
Was considered as wild type (WT). The genomic sequence used in 
transformation process is as follows: 
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ATGGCAGCAGCTGCAGCATCATCCGTGTCCCTCCCCGGGGCGAGGGCTCTCCCG 
ACGTGGTCCAGCTCCGTGTCCGGCGACTCGCACTCGTTGGCGCTGAGCTCGTGG 
GCGGCGCGGCCTCGGTCGGCGCGGCCACTGCGGGCGCCGGCGAGGATGGGCA 
ACGTGAACGAGGGCAAGGGGATCTTCGCACCGGTGGTGGTGGTGGTGCGCAAC 
ATCGTTGGCCGCAAGCGCTTCAACCAGCTCAGGGGAAAGGCCATCGCGCTGCAC 
TCGCAGGTGATCACCGAGTTCTGCAAGACCATCGGCGCCGACGCCAAGCAGAGG 
CAGGGCTTGATCCGCCTTGCCAAGAAGAACGGCGAGAAGCTCGGTTTCCTTGCC 
TGA 
2.2 Plant growth room 
Plants were grown in a walk-in controlled environment room operating on a 
12 hour photoperiod, at day/night temperature of 28°C/24°C respectively. 
Irradiance was supplied by a bank of 400W metal halide lamps 
supplemented by domestic incandescent 60W light bulbs to give light 
intensity of 450 IJmolm -2S- 1 at plant level. A similar alternate room was 
used where the conditions were identical with the exception of a higher 
irradiance (700 IJmol m-2 S-l) supplied by a higher density of 600W metal 
halide lamps with incandescent lamps and a 1 hour 'ramping' period at the 
beginning and end of each day where only half the lights were switched on 
to simulate dawn and dusk. Although plants were clean and did not require 
chemical spray treatment a previous experiment indicated possible slight 
risk to plants from red spider mites (Tetrenychus urticae). Phytoseiulus 
persimilis (Syngenta, UK) were routinely applied according to 
manufacturer's instruction to ensure red spider mites were eliminated. 
Photosynthetic photon flux density (PPFD) in the growth rooms was 
measured at top of canopy level using aLI-COR (LI-210) photometric 
sensor attached to a light meter (LI -250A). 
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2.3 Crop glasshouse 
This experiment was carried out in a modern glasshouse under controlled 
conditions at the University of Nottingham. Plants were grown in plots on 
irrigated sandy-loam soil in a 5mx5m membrane-lined soil tank with depth 
of 1m, draining to a sealed 'sump' designed to simulate field conditions 
and create realistic crop canopies. Temperature and photoperiod were 
maintained at 300 e and 14hrs respectively. Soil was tested for macro and 
micro nutrients and nutrient supplement were added to the soil a week 
prior to transplanting following IRRI's guidelines (IRRI nutrient manager, 
2012). Plants were disease and pest free however, P. persimilis was 
routinely applied to prevent red spider mite infestation. 
2.4 Hydroponics nutrient solution 
For the growth room experiments, hydroponic solution was made with fresh 
tap water. The water was mixed with the nutrients at appropriate 
concentrations (Table 2.1) before adjusting the final solution to pH 5.0-6.0 
with 2M hydrochloric acid. 
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Table 2. 1 Nutrient composition of hydroponic solution 
Element Formula Mr [Stock] M Final 
concentration 
lmM\ 
N NH4N03 80.04 4.2854 1.4 
P NaH2P04·2H2O 156 0.8557 0.6 
K K2S04 174.3 0.3838 0.5 
Mg,S MgS04 246.5 1.205 0.8 
Mn MnC12·4H20 197.9 0.0546 0.009 
Mo,N (NH4)6M07024·4H20 1236 0.0004 0.0001 
B H3B03 61.83 0.5564 0.037 
Cu,S CuS04.5H2O 249.7 0.0019 0.0003 
Zn,S ZnS04·7H20 287.6 0.009 0.00075 
Ca CaCI2·2H2O 147 1.5 0.2 
Fe Fe-EDTA 367.1 0.1749 0.07 
2.5 Growth room: seed germination and growth 
Rice seeds were rinsed thoroughly with deionised water and then 
germinated on moist filter paper in S-cm petri dishes sealed with micropore 
tape (Figure 2.1A). Young seedlings were then transferred into l.Sml 
eppendorfTM tubes with the bottom tip of the eppendorfTM cut off. The tubes 
were placed into a rack floating on hydroponic solution (Figure 2.1B) for 
approximately one week to ensure root elongation and establishment. They 
were then transplanted into 20 L plastic light proof container of dimensi ons 
of 30cm x 22cm x 12cm filled with hydroponic solutions which were refilled 
to their 20L capacity throug~out growing periqd of the plants to replace 
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amount of hydroponic solution lost. Eight holes of 2cm diameter were 
drilled through a light, lightproof plastic support where each rice seedling 
was inserted and held in place by a piece of sponge (Figure 2.1C). A 
randomised block design was adapted where the different lines were evenly 
distributed throughout each growth room, with each container having at 
least one representative of each line. 
Figure 2. 1 Examples of (A) germinated rice seeds (6) seedlings in eppendorffor 
root elongation (C) seedlings establishment after transplanting. 
2.6 Crop glasshouse: seed germination and growth 
RNAi 158, DE 147 and WT were selected because they showed the most 
divergent NPQ level and ratio of PSII to PSI yield compared to the WT. 
Seeds were germinated in seed trays filled with Levington 2 compost in the 
glasshouse during spring 2012. Seedlings of each line were transplanted 
two weeks · after germination into 90- x 90tm plots filled with sandy loamy 
soil at spacing of 10- x 10cm to achieve a cropping canopy of 64 plants per 
line per plot in the glasshouse between spring and summer 2012. This was 
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a fully replicated experiment and involved other types of transgenic rice 
plants (Figure 2.2). There were altogether 30 plots arranged in a 
completely randomized design with each transgenic line replicated three 
times and the wild type replicated nine times. From each plot, twenty 
plants were randomly selected and screened for NPQ as described in 2.10 
using the fifth leaf on the main tiller. Ten RNAi and DE transgenic rice 
plants that had the least & highest NPQ level, respectively when compared 
to the WT were selected. Repeated measurements were made on tagged 
plants. 
ChyB OE WT PsbS OE pgrS WT 
Plot 1 Plot 1 Plot 1 RNAi 
DISCARD 
1 
WT 
DISCARD WT PsbS OE 
Plot 1 Plot 1 
PgrS OE PsbS ChyB WT 
Plot 1 RNAi WT RNAi DISCARD Plot 1 Plot 2 Plot 1 
WT PsbS RNAi ChyB 
DISCARD Plot 3 RNAi Plot 3 
I'· 
:':}[r.· .. 
WT 
pgrS ChyB OE PsbS OE WT WT RNAi 
PjOt3 Plot 2 Plot 2 Plot 2 DISCARD 
DISCARD PsbS OE 
Plot 2 WT 
Plot 2 
WT 
ChyB PgrS OE PsbS OE w:r WT RNAi Plot 3 DISCARD 
Plot 2 Plot 2 Plot 4 
DISCARD 
WT PsbS OE 
Plot 3 Plot 4 
90cm PsbS WT PgrS OE ChyB OE WT RNAi Plot 3 Discard 
Plot 2 Plot 5 Plot 3 
WT 
Discard pgrS RNAi 
Plot 3 WT 
Plot 4 
. 
90cm 
Figure 2. 2 Plot layouts for rice canopy experiment in the crop glasshouse 
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2.7 Determination of growth stage and leaf number 
Leaves were counted on the main stem as shown in Figure 2.3 (Hoshikawa, 
1989). This was necessary because of observed variation in the rate of leaf 
development/physiological age (Yoshida, 1981). The seventh and eighth 
leaf from emergence on the main stem was used for physiological analysis 
(Fig. 2.3). When the tip of the next leaf emerged, a leaf was considered 
fully developed. In most instances in the growth room and glasshouse 
experiments, observations were made before leaf elongation was complete, 
leaf number was estimated by the ratio of the length of elongating leaf to 
previous leaf (Yoshida, 1981). 
Figure 2. 3 Example of leaf counting 
2.8 Growth and development 
Number of tillers and plant height were determined on a weekly basis. The 
total number of tillers was counted and plant height measured from the 
base of the plant to the tip of longest leaf on main tiller with a ruler. 
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2.9 FluorCam chlorophyll fluorescence imaging system 
Fluorcam (Photon Systems Instruments, Brno, Czech Republic) is an 
imaging system that measure sequences of chlorophyll fluorescence images 
with specified light intensity and timing protocols. This system was used to 
screen all transgenic plants for NPQ level because of the possibility of 
segregation. At leaf five, leaf segments from plants dark adapted overnight 
were placed on moist filter paper between glass plates and placed in the 
fluorcam. Leaf segments were further dark adapted for 30 minutes to 
ensure PSI I reaction centres are maximally oxidized. Fo and Fm were 
recorded before the fluorcam front panel was opened to apply an actinic 
light intensity of 300IJmoi photons m-2 S-l from a set of white LEOs. Care 
was taken with arrangement of the leaf segments to ensure that 
illumination was even. The light intensity at leaf level was around 250IJmoi 
m-2 S-l and this was enough to establish differences in NPQ between 
leaves. During a 15 minutes illumination, Fm' was measured with 
saturating pulses every 180s to determine NPQ at steady state. The 
resulting data were used to produce false colour fluorescence image of leaf 
segments. Red colour represents high NPQ values while blue colour 
represents low NPQ values (Figure 2.4). 
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OE147 RNAi 151 OE147 RNAi 158 WT RNAi 158 OE139 OE147 RNAi 151 OE139 
Figure 2.4 Example of a false colour fluorescence image of leaf segment. 
Red colour represents high NPQ values while blue colour represents low NPQ 
values. 
2.10 MINI-PAM 
Chlorophyll fluorescence measurements were carried out on leaves with a 
portable MINI-PAM photosynthesis yield analyzer (Walz - Effeltrich, 
Germany). Leaves were dark adapted for 30 minutes using clips (DLC-08; 
Walz). Fo and Fm, determined by exposing leaves first to weak non actinic 
measuring light of 0.8 jJmolm -2S-1 and then to short pulse of high PPFD 
density 6000 jJmolm- 2 s- 1 for 0.8s respectively, were used to calculate 
maximum quantum efficiency of PSII photochemistry, Fv/Fm. 
2.11 Infiltration with methyl viologen (MV) 
Attached leaves of wild type (WT), Dverexpressor (DE) (139, 147) and 
RNAi interference (RNAi) lines (151, 158) were infiltrated with 0.5 mM of 
Methyl viologen (MV) (Kirchhoff et ai, 2004). Uptake was performed by 
wrapping leaves with laboratory absorbent paper saturated either with MV 
and immediately incubated in the dark for 1 h. Dark incubation was 
achieved by wrapping the leaf segment, covered with MV saturated wipes, 
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with aluminium foil. Distilled water was applied as control to account for 
any differences that may arise from the infiltration method. 
2.12 Chlorophyll determination 
Leaf discs were collected with a cork borer of known diameter and were 
immediately snap frozen in liquid nitrogen. Pigments were extracted by 
homogenisation in a mortar and pestle with 80% (v/v) acetone and 
centrifuged at 3000 rpm for 5 minutes to pellet debris. Supernatant 
absorption was measured at 663nm (A663) and 645nm (A645) using a 
Cary 50 spectrophotometer. Chlorophyll concentration was estimated using 
the equation below (Porra et ai, 1989). 
[Chla] = 12.25(~63.6) - 2.55(~46.6) 
[Chlb] = 20.31(~46.6) - 4.91(~63.6) 
TotalChlorophyli = 17.76(~46.6) -7.34(~63.6) 
Chla : b = chla 
chlb 
2.13 Preparation of rice thylakoid (unstacked) 
Thylakoid preparation was the same as in Hubbart et .al (2012). Solutions, 
reagents and' materials were kept on ice during extraction process and 
centrifugations carried out "at 4°C. Leaves were' harvested fresh, cut and 
homogenised with 300ml 'slushy' grinding medium (0.33 M sorbitol, 10mM 
Na4P207.10H20, 2mM D-iso Ascorbate, pH 6.5) in a domestic food 
blender. The homogenate was filtered through 4 layers of muslin and then 
through 8 layers of muslin .. sandwiched with a. layer of absorbent cotton 
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wool. The muslin was gently squeezed to aid filtration. The sample was 
centrifuged at 5010 rpm for 10 minutes. The pellet was gently resuspended 
in wash medium (O.33M sorbitol, 10mM MES, pH 6.5) and centrifuged for 
10minutes at s010rpm. The resulting pellet was resuspended in 15 ml 
resuspension medium (O.33M sorbitol, lmM EOTA, sOmM HEPES, pH 7.6) 
and osmotically shocked with 2sml break medium (smM MgCI2, pH 7.6). 
After 30 seconds, 2sml osmoticum medium (O.66M sorbitol, 40mM MES, pH 
6.5) was added to restore osmotic potential and centrifuged at 5010 rpm. 
Thylakoids were resuspended in particle wash medium (smM EOTA, pH 6.3) 
and stored at -80°C. 
2.14 Polyacrylamide gel electrophoresis 
2.14.1 Denaturing SDS-polyacrylamide gel electrophoresis 
The Biorad mini-protean 3 system was used to produce denatured 50S 
polyacrylamide gels. The resolving gel contained 15% Acrylamide/bis, l.sM 
Tris/HCI pH 8.8, 10% 50S, 10% ammonium persulphate, 0.04% TEMEO. 
The stacking gel contained 6% Acrylamide/Bis, O.lM Tris/HCI pH 8.8, 0.1% 
50S, 0.4% ammonium persulphate and 0.16% TEMEO. Samples were 
mixed with loading buffer (O.62sM Tris/HCI pH 6.67, 2% w/v 50S, 5% v/v 
glycerol. 0.001% bromophenol blue) and denatured by heating at 900/oC for 
20 minutes. Gels were run at 120V for 60 minutes in running buffer (2smM 
Tris, 142mM Glycine, 0.1%,,505) before silver staining or immunoblotting. 
2.14.2 Staining of polyacrylamide gels 
Silver staining of gels was carried out to visualise samples of protein at low 
concentrations. Gels were stained with freshly prepared solutions. Gels 
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were twice fixed for 15 minutes (40% MeOH, 10% acetic acid) before they 
were sensitised in a solution containing 0.2% STS and 689/l Na acetate for 
30 minutes. Gels were subject to three washes (5 minutes) with water 
before they were impregnated 'with 2.sg/l AgN03 for another 20 minutes. 
Following two quick washes in water, the gels were developed for 5-10 
minutes (2sg/l Na2C03, 0.4% HCHO, 0.27% STS), depending on protein 
concentration and stain intensity. After this, the reaction was stopped using 
14.6g/l EDTA for 10 minutes, and the gels washed (5 minutes) in multiple 
changes of dH20 before drying. 
2.14.3 Drying polyacrylamide gels 
Gels were dried by enveloping in 2 layers of wet cellophane assembled on 
the gel air drying system frame clamps (Biorad 165-1780). The gel drying 
frame was placed in the gel air dryer kept warm until the gel was 
completely dry. 
2.14.4 Immunoblot analyses 
For immunoblot analysis, proteins were transferred to Bio-Rad immune-blot 
PVDF membrane (0.2I.Jm) using a Bio-rad mini trans-blot cell with a current 
of 80°C for 2h in a transfer buffer (10 0/0 Tris/glycine buffer (Bio-rad), 20% 
MeOH and 70% dH20). Blot was probed with antibody against pgrs. The 
pgrs antibodies were kindly provided by Toshiharu Shikanai (Fukuoka, 
Japan). The blot was detected with ECl detection kit (Pierce ECl western 
.. blot substrate). 
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2.15 Growth room-gas exchange and chlorophyll fluorescence 
Gas exchange and chlorophyll fluorescence (CF) were measured 
simultaneously with a portable gas exchange fluorescence system, WALZ 
GFS-3000 (Walz, Effetrich, Germany), operating with a narrow rectangular 
leaf adapter 3010-1, a flow rate of 800 Jlmol air S-l, a cuvette temperature 
of 30°C and relative humidity of 60±5°/0. Light was provided by a 
combination of in-built red (640nm) and blue (470nm) LEOs. Actinic light 
was provided by 90°/0 red LEOs and 10°/0 blue LEOs. Saturating light pulse 
of 6,000 IJmol m-2 s-1 was provided via the red LEOs. All measurements 
were made on the youngest fully expanded leaf 7 or 8 on the main tiller. 
2.15.1 NPQ induction and relaxation 
For NPQ induction and relaxation experiments, leaves were dark adapted in 
the growth chamber for two hours prior to measurement by wrapping 
sections of the leaf in low weight, flexible aluminum foil. Plants were then 
immediately transferred to a lab adjacent to the growth room for 
measurement of parameters described in section 1.11. Leaves were placed 
in the chamber and left for five minutes in darkness prior to Fo 
measurement. Fo level with all PSII reaction centres open was measured by 
a blue pulse amplitude modulated light, which was sufficiently low «0.02 
IJmol m-2 S-l) not to induce any Significant variable fluorescence. A 
saturating pulse was applied to determine Fm with all PSII reaction centres 
closed. At this point the actinic light was turned on. In the light~adapted 
stat'e Fm'was measured by applying a saturating pulse <?f 6000 IJmolm-2 S-l 
(0.8s). Fo' was measured by switching off the actinic light for 2s after the 
saturating pulse and applying far-red light (dark pulse period). 
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Fluorescence parameters were calculated as described in 1.11.2. 
Application of a train of saturating pulses every 120s allowed determination 
of series of Fm' and Fo' from which the time dependent changes of 
fluorescence yield are determined. Simultaneously, the infrared gas 
analyser monitored CO2 and H20 exchange every 30 s under conditions 
described in 2.16. 
2.15.2 Light and CO2 response curves 
For light response measurements, the following protocol was used. Plants 
were dark adapted and Fo and Fm were determined as described above. 
Actinic light of 1000 f.!mol m-2s-1 was switched on for 600s to fully activate 
carbon metabolism in the leaves before starting series of actinic light from 
o to 2000 f.!mol m-2s-1, waiting for a set time of 180s at each light intensity 
to allow the rate of photosynthesis to stabilise before measurements were 
made. Measurements were made between lOam to 3pm. 
For CO2 response measurements, light adapted leaves were exposed to 
actinic light intensity of 1000 f.!molm-2s-1 throughout. Leaves were placed in 
the cuvette for 5 minutes to adapt to cuvette conditions at ambient CO2 of 
400 jJmols C02 m-2s-1 before a step by step decrease of CO2 concentration 
first to 20 jJmols CO2 m-2s-1 and back up to 1200 jJmols CO2 m-2s-1 in order 
to minimise stomatal responses during measurement. Leaves were 
exposed to each C02 concentration for 3 minutes to allow the rate of 
photosynthesis to stabilise prior to saturating light application. The 
experiment was carried out as rapidly" as possible to avoid changes in 
activation state and stomatal opening. 
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2.16 Growth room - Chlorophyll fluorescence and P700 
absorbance change 
All measurements were carrie~ out with Dual-PAM-l00 measuring system 
(Walz, Effeltrich, Germany) as described by PfOndel et al (2008). Weak 
modulated measuring light from a 620nm LED and blue actinic light of 250 
J,Jmol m -2S-1 from 460nm LED arrays were applied to the upper leaf 
surface by a DUAL-DR measuring head. Saturating light pulses (SP) of 
10,000 J,Jmol m- 2 s- 1 intensity from 620nm LED arrays were given 
simultaneously for duration of 300ms to the upper and lower leaf side by 
the DUAL-DR and a DUAL-E emitter unit, respectively. Absorbance changes 
in PSI was measured by sample (830 nm) and reference beams (875 nm), 
emitted by the DUAL-E unit, which allows us to follow the oxidation or 
reduction state of PSI reaction centres (Schreiber et ai, 1988). The beams 
pass through the leaf and were received by a photodiode situated in the 
DUAL-DR measuring head. Both the DUAL-DR and the DUAL E units were 
brought into line using a leaf holder (DUAL-B, Walz) in which perspex rods 
guided lig,~t between the leaf and measuring units (PfOndel et ai, 2008). 
2.16.1 NPQ induction 
Measurements were carried out using the automated induction and 
recovery curve program provided by the Dual PAM software (PfOndel et ai, 
2008; Klughammer & Schreiber, 1994) involving repetitive application of 
saturation pulses (SP) for assessment of fluorescence a"nd P700 parameters 
in order t'o compute the quantum yields of PS I and PS II. 
. 
Using dark 
adapted leaves in the presence of a fluorescence measu~ing light (126 J,Jmol 
m -2S-1), Fo was determined followed immediately by the application of 
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saturation light pulse to measure the Fm. After a dark period of 1 min, 
during which leaves were preilluminated with far red light (128 IJmol 
m- 2 s- 1 ), maximum P700 (Pm) signal was determined by application of a 
second SP to fully oxidize P700. The Pm is considered as analogous to Fm 
described in section 1.11. Cessation of far-red light and SP ensures full 
reduction of P700 for minimal P700 (Po) measurement. Actinic light was 
turned on for 600s during which SP was applied every 30s for fluorescence 
and P700 analysis to determine maximum fluorescence and P700 in the 
light (Fm' and Pm', respectively). A dark-period of Is followed each SP to 
determine the minimal P700 signal level Po. Chlorophyll fluorescence 
parameters were calculated as described in section 1.11. Effective quantum 
yield of PSI [cp(I)] was calculated as [cp(I) = (Pm' - P)/Pm] (PfOndel et ai, 
2008). The photosynthetic electron transport rates of PSI (ETRI) was 
calculated as 
J= cp(I) x PFDa x (0.5), where PFDa is absorbed light and 0.5 is a factor 
which accounts for the partitioning of energy between PSI and PSI!. 
2.17 Crop glasshouse experiments - gas exchange and 
chlorophyll fluorescence 
Gas exchange and chlorophyll fluorescence (CF) measurements were 
performed simultaneously with infra-red gas analyzer LI-COR 6400XT (LI-
COR Lincoln, Nebraska) portable photosystem 'with a fluorometer 
attachment (6400-40 LCF) which provid,ed actinic light by mean.s of blue 
(10%) and red (90%) LEDs. Saturating light pulse of > 7,000 IJmolm-2 s-1 
was provided via the red LEDs for a duration of 0.8s. The IRGA operated 
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using a flow rate of 500 J..lmol air 5-1, ambient relative humidity of 50±5% , 
cuvette CO2 set at 400 IJmols CO2 m-2s-1 and block temperature of 30°C. All 
measurements were made on the youngest fully expanded leaf from the 
main tiller. 
2.17.1 NPQ induction experiment 
NPQ induction and relaxation kinetics at light intensity of 1500 J..lmolm-2s-1 
was measured on leaves dark adapted for 2hr. Leaves were placed in the 
chamber and left for eight minutes in darkness before Fo measurement 
with modulated red light. Fluorescence parameters were determined as 
described in 2.16.1. 
2.17.2 CO2 response curves 
CO2 response measurements were as described in 2.16.2. 
2.18 Crop glasshouse light environment 
Photosynthetic active radiation (PAR) was measured using a lightweight, 
portable Ceptometer (AccuPAR LP-80 Pullman, Washington). A series of 80 
individual.. light sensors are located on a 99cm rod, integrating 
measurements of PAR across a wide area. A spirit level is attached to the 
base of the rod to enable levelling. The ceptometer takes an average 
reading of these 80 light sensors and all measurements were made at 
midday when solar penetration was at its peak. The ceptometer is levelled 
above the crop canopy and PAR measurement is taken. Similarly, PAR 
interception is measured below the canopy by placing the ceptometer below 
all of the leaves. For a reliable measurement under fluctuating light, since 
light can be very variable particularly below the canopy, five readings 
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above and below the canopy at different locations within crop plots were 
taken. The amount of photosynthetically useful radiation intercepted by 
the canopy measured as fractional interception is calculated as: 
f=l-t 
Where t is the fraction of incident radiation transmitted by the canopy, 
calculated as t=T/S. 5 is the PAR reading from an upward-facing 
ceptometer above the plant canopy and T is the upward-facing ceptometer 
below the plant canopy. 
Leaf area index (LA!) of plot provides information for assessment of canopy 
density and biomass based on the above and below-canopy PAR 
measurements along with other variables. Following Norman (1979), LA! is 
calculated by: 
[(1 - ...!...) fb - 1] In T LA! = 2K 
ACl - O.47fb) 
where L is the ratio of below canopy PAR measurements to the above canopy PAR 
measurements, fb is the fraction beam of incident PAR, K is the extinction 
coefficient for the canopy (Campbell 1986) and A = 0.283 + 0.785a -
O.1S9a 2 where a is the leaf absorptivity in the PAR band. Calculations were 
made automatically by the ceptometer. 
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2.19 Biomass analysis 
For the growth room experiment, growth analysis was performed at 74 
days after germination. Leaf area was determined with Li-COR (Lincoln, 
Nebraska) laboratory leaf area meter (LI-3100C). Plants were removed 
from the container and Leaf and stem fresh weight was analysed by 
separating from root and weighing each individually. Samples were oven-
dried immediately at BOoC for 72hrs to a constant weight for dry weight 
analysis. Total fresh weight was calculated as the collective sum of leaf and 
stem fresh weight. Dry weight of leaves and stems were altogether 
regarded as total dry weight. Other growth indices such as leaf area ratio 
(LAR) and specific leaf area (SLA) were calculated as described below. 
LAR = Total leaf area per plant / Total dry weight per plant (cm 2/g) 
SLA = Total leaf area per plant / Total leaf dry weight per plant (cm 2/g) 
Tagged plants (see section 2.6) in the crop glasshouse experiment were 
harvested for growth analysis 92 days after germination and processed as 
described·· for the growth room experiment except that roots were not 
included. 
2.20 Sequence alignment and construction of a phylogenetic 
tree 
Sequences of the PGRS protein from diverse photosynthetic species were 
searched with Blast programs using databases at the National Centre for 
Biotechnology Information (NCBI). Sequences were aligned' using T -coffee 
multiple sequence alignment program default settings on EMBL-EBI server. 
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A phylogenetic tree was generated with MEGA 5.10 using the default 
settings - Neighbour joining (NJ) method (Saitou and Nei, 1987). 
2.21 Statistical analysis 
One-way analysis of variance ·was performed using SigmaPlot version 11.0 
(Systat Software Inc.) followed by Bonferroni's t-test for post hoc test. 
Differences were considered significant at the p<O.OS level. 
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CHAPTER 3: CHARACTERIZATION OF PGRS 
TRANSGENIC PLANTS 
3.1 Introduction 
Light energy is essential for photosynthesis. Plants are sedentary in nature 
and are exposed to changing light intensity & quality which could be 
ha rmful. The need for plasticity to efficiently respond to co nsta nt 
environmental fluctuations has led to the development of series of 
photoprotective mechanisms to regulate photosynthetic light reactions. 
Light reactions result in photosynthetic electron transport (PET) across 
thylakoid membrane of the chloroplast. The PET chain operates via two 
major pathways: the linear electron transport (LET) and cyclic electron 
transport (CET) pathways Despite CET being discovered over 50 years ago 
(Arnon et ai, 1954), research to improve plant photosynthetic efficiency has 
focused mainly on LET. Because ATP: NADPH must meet plants metabolic 
and photoprotective requirements to achieve photosynthetic effiCiency, 
understanding the mechanism of CET, particularly how electron transport 
between CET and LET is regulated to meet cellular demand is essential. 
Recent studies have suggested a role for CET in r~dox poise within the 
chloroplast (reviewed in Johnson, 2011). Competition between CET and LET 
for reduced ferredoxin (Fd) modulates CET: LET, with the relative rates of 
the two processes being determined by the balance between PSI donor and 
" """ . 
acceptor redox states (Breyton et ai, 2006). Since many studies have 
reported the occurrence of CET under stress conditions,. the exact effect of 
photoprotection induced as .. a result of PGR5-d~pendent CET activity on leaf 
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photosynthesis in the absence of photoinhibitory stress is yet to be 
determined. In addition, Munekage et al (2008) suggested that PGRS 
deficiency may induce other effects leading to growth reductions which are 
yet to be clarified. 
Whilst mechanism and function of PGRS-dependent CET to adapt the 
photosynthetic process in response to environmental variations and its 
impact on photosynthesis remains unclear, our current understanding so 
far has mainly been in Arabidopsis thaliana. The A. thaliana phenotype is 
quite distinct from rice in terms of its slow growth rate, low capacity for 
NPQ, photosynthesis and environmental light intensity (Bailey et ai, 2001) 
and would therefore not be an ideal model for investigating mechanism of 
photoprotection in crop productivity. 
Taken into account that rice is a resource demanding crop, it can be argued 
that CET may be functional in rice plants in the absence of stress in order 
to meet the required ATP: NADPH essential to achieve photosynthetic 
efficiency. As a step towards understanding the function of PGRS CET in 
rice leaf photosynthesis and growth performance under non-photoinhibitory 
conditions, gas exchange and chlorophyll fluorescence methods were used 
to assess rate of electron flow, photosynthetic capacity, biomass 
accumulation in PGRS RNA interference (RNAi) and overexpression (OE) 
transgenic rice plants. 
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3.2 Results 
3.3 Screening and selection of transgenic lines 
Because of the possibility of se'gregation, all plants used in this study were 
screened with the FluorCam imaging system. This system provides a rapid 
analysis of fluorescence characteristics from which corresponding NPQ 
levels are computed. (see section 2.10). Transgenic rice plants showed wide 
range of NPQ levels for all plants screened. This can be seen in a box plot 
showing range of NPQ levels in the different transgenic lines from five 
independent screens (Figure 3.1A). In the RNAi lines, NPQ levels ranged 
from 0.3 to 1.5 (P<0.05). NPQ levels in the WT ranged from 1.0 to 1.66. 
OE139 showed NPQ within the range of 1.12 to 1.63, while NPQ level was 
between 0.62 to 1.93 in OE147. 
From NPQ of plants shown in Figure 3.1A, plants were selected for further 
analysis (Figure 3.1B). Selection was based on most divergent NPQ from 
the WT. In the case of the RNAi lines, NPQ below 1.0 were selected which 
constitutes about 50% and 72% of total number of screened plant in RNAi 
151 and RNAi 158, respectively. In the OE lines, plants with NPQ above 
1.38 (i.e. WT mean NPQ) were selected constituting approximately 50% 
and 60% of total number of plants screened in' OE139 and OE147, 
respectively. When NPQ of selected plants were solely considered, as 
.. shown in Figure 3.1B, RNAi transgenic plants as well as OE147 were 
signi,ficantly different from the WT. 
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Figure 3. 1 NPQ values for wild type and PGR5 transgenic plants. (A) range of NPQ 
levels from five independent screens (B) NPQ of selected plants. Excised leaf 
segments (lcm) were dark adapted and NPQ (average value per segment) was 
measured after a 15mins illumination in a chlorophyll fluorescence imager as 
described in section 2.10. NPQ was calculated as (Fm-Fm')/Fm', where Fm is the 
maximum dark-adapted fluorescence and Fm' is the maximum fluorescence on 
application of a saturating pulse during actinic illumination. (N=40-100). The box 
plots summarize the distribution of points for each line. The ends of the box are 
the 25th and 75th percentiles. The line across the middle of the box is the median 
value. The lines extending from the ends of the box denote the maximum and 
minimum values while the circles represent outliers. 
3.4 PGRS homology and content 
PGR5 genomic sequence encodes PGR5 protein which consists of 125 amino 
acids with a predicted molecular mass of 13.2kDa. Blast searches with full-
length protein sequence . revealed the existence of highly homologous 
protein sequences in other photosynthetic organisms (Figure 3.2A) 
inclu'ding vascular plants, the rose moss" (Portulaca gran.diflora) and green 
algae (Volvox carteri and Chlamydomonas reinhardtii). 
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To further assess relationships between our putative PGR5 protein 
sequence and other published PGR5 protein sequences, we conducted 
phylogenetic analyses using the neighbor-joining algorithm (Saitou and Nei, 
1987) (Figure 3.2B) based on protein multiple sequence alignments shown 
in Figure 3.2A, generated using T-coffee (Notredame et ai, 2000). The 
PGR5 protein showed a high degree of conservation within the monocot 
group sharing about 75 to 1000/0 amino acid identity. More distantly related 
PGR5 proteins were also found including A. thaliana as indicated by longer 
branch length (Figure 3.2B) which confirms the suitability of rice as a model 
in investigating the influence of photoprotection on crop productivity. 
Figure 3.3A shows the western blot analysis of different PGR5 protein levels 
in the T2 lines used in this study. Using specific PGR5 antibody, a visual 
assessment concludes that the protein was completely missing in the RNAi 
lines while one of the DE lines accumulated more PGR5 than the WT. The 
50S PAGE of thylakoid membrane complexes showed that other major 
thylakoid membrane proteins such as LHCs were not significantly altered 
(Figure 3.3B). 
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Figure 3. 2 Sequence alignment and phylogenetic tree of the pgr5 proteins in O. 
sativa, other plants and alga~> species. The protein sequences of the pgr5 family 
were obtained from NCBI (http://blast.ncbi.nlm·.nih.gqv). (A) pgr5 protein 
sequences were aligned with T-coffee. Identical residues are shaded in black and 
similar re~idues are shaded in grey. Dashes are gaps introduced to maximize the 
alignment. "The figure was generated with Bioedit (Hall, 1999). (B) Phylogenetic 
tree was generated with MEGA 5.10 (Tamura et ai, 2011) using the Neighbor 
joining (NJ) method (Saitou and Nei, 1987). The branch lengths are proportional to 
the amount of inferred evolutionary change (Zuckerkandl and Pauling, 1965). 
71 
83 
83 
91 
79 
79 
99 
86 
91 
85 
81 
83 
86 
102 
80 
A 
151 158 WT 139 
PGR5 
147 
B 
Markers 
Kd 
55 
25 
15 
M 151 158 WT 139 147 WT 
Figure 3. 3 PGRS protein levels and SDS PAGE in WT and transgenic lines. 
(A) Western blot analysis using specific PGRS antibody. (6) SDS PAGE showing 
profile of major thylakoid proteins. Lanes were loaded with thylakoid corresponding 
to SlJg of chlorophyll. 
3.4 Growth room acclimation 
Plants were grown under light intensities (450 IJmols m-2s-1 and 700 IJmols 
m-2s-1), which in rice were insufficient to saturate the electron transport 
chain (see Chapter 4). A. thaliana pgr5 mutants have shown high 
sensitivity to photoinhibition under strong saturating light (Munekage et ai, 
2002), while Long et al (2008) observed similar sensitivity in A. thaliana 
over-accumulating PGR5. To determine whether plants were photoinhibited 
under growth conditions, at the midpoint of the diurnal cycle the maximum 
quantum yield of PSII (Fv/Fm, ratio of variable to maximum fluorescence in 
the light) was measured after 20 min in the dark . . As clearly shown in 
Figure 3.4, there was no significant difference between WT and transgenic 
rice plants grown under the two different light intensities. 
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Figure 3.4 Maximum quantum yield (Fv/Fm) for the WT, OE lines (139, 147) and 
RNAi lines (151,158) grown at 450 & 700 l-Imol m-2s-1• Fv/Fm was measured at 
midpoint of the diurnal cycle in the growth room. Mean values of two independent 
experiments ± SE (n=8) 
3.5 Chlorophyll 
Table 3. 1 Total chlorophyll content (l-Ig/cm2) and chlorophyll (Chi) alb of WT wild 
type and PGR5 transgenic plants. Plants were grown at 450 l-I mols m -2s-1 • Mean 
values from one experiment ± SE (n = 4). *P<0.05. 
Lines Total chlorophyll (l-Ig/cm2) Chlorophyll alb 
RNAi151 44.1688 ± 1.1769* 3.65 
RNAi158 36.4326 ± 1.2279* 3.61 
WT 46.0083 ± 1.9587 3.51 
OE139 39.5695 ± 0.8092* 3.32 
OE147 40.4280 ± 1.9902* 3.46 
Total chlorophyll content and chlorophyll (Chi) alb is shown in Table 3.1. Total 
chlorophyll content was significantly higher in the WT compared with other plants 
studied. There was no significant difference in Chi alb of WT and transgenic plants. 
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3.6 NPQ induction and cyclic electron transport 
Changes in the accumulation and expression of PGR5 are expected to cause 
an imbalance in the stoichiometry of electron transport in photosystem I 
(PSI) to electron transport in photosystem II (PSII). Overexpression of the 
PGR5 protein should be accompanied by a higher rate of CET relative to LET 
in these plants. Measuring these differences requires careful consideration 
(reviewed in Johnson, 2005). To avoid overestimating the quantum yield of 
the photosystems due to unequal antenna size (a possibility under non-
saturating light), measurements were made with in the presence of 
saturating actinic light intensity. Actinic light intensity of 1000 ~mols m -2S-1 
has been shown to saturate field grown rice. Therefore, comparing the 
quantum yield of both photosystems, variations in the ratio of the effective 
quantum yield of PSII [ep(II)] to PSI [ep(I)] should give us an indication of 
the occurrence of CET. We simultaneously measured chlorophyll 
fluorescence and P700 absorbance by applying actinic light intensity of 
1000 /Jmols m-2s-1 to assess electron flow in dark adapted leaves of WT. and 
transgenic plants grown under light intensity of 450 ~mols m-2s-1• PGR5 
dependent CET has been shown to occur under stress conditions such as 
high light therefore WT and PGRS transgenic plants were grown under a 
higher light intensity of 700 ~mols m-2s-1 (but· otherwise identical 
conditions) to compare their response with those grown under lower light 
.. intensity described above. Chlorophyll fluorescence and P700 absorbance 
changes were measured in the high light grown plants with application of 
actinic light intensity of 2000 ~mols m-2s-1 to impose light stress. 
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Figure 3.5A shows time course of nonphotochemical quenching (NPQ) 
induction during a 10 min illumination with actinic light intensity of 1000 
IJmols m-2s-1 in the WT and DE lines. A sharp rise in NPQ was observed in 
the DE lines and WT which relaxed rapidly towards the end of the period of 
illumination. This coincides with a reported NPQ transient observed in rice 
within 10 min of induction from dark to light (Hubbart et ai, 2012). Within 
the first few seconds of induction, NPQ in DE139 was rapidly induced 
(P<0.05) compared to the WT. Within 250s of induction in both DE lines, 
NPQ was about 20% higher (P<0.05) than WT. Both RNAi lines showed a 
low and slower rate of NPQ development throughout the period of 
illumination. At the end of illumination, NPQ in all lines were almost at the 
same level (Figure 3.5A). Relaxation of transient NPQ has been attributed 
to activation of enzymes of Calvin-Benson cycle (Finazzi et ai, 2004; 
Munekage et ai, 2002) 
Figure 3.5B shows time course of NPQ induction during a 10 min 
illumination with actinic light intensity of 2000 IJmols m-2s-1 in the WT and 
DE lines. The transient was absent at this light intensity in both DE lines 
and WT. A more rapid rate of NPQ induction was observed in DE line 147 
(P<0.05) compared to the WT (P<0.05). Within 200s of induction when 
compared to the WT, NPQ was about 30% and 20% ' higher in DE139 and 
DE147 respectively. Again, the RNAi lines showed significantly lower NPQ 
(P<0.05) throughout the period of measurement. At the end of 
illumination, NPQ in DE lines were significantly higher than the WT, possible 
... . 
reasons for this will be highlighted in Chapter 4. 
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Figure 3.6 shows time course of photochemical quenching (qP) an indicator 
of the number of open reaction centres capable of receiving light from the 
antenna. Under growth conditions of 450 IJmol m-2 S-l, qP in the DE lines 
was lower than WT (Figure 3.6A), with DE147 showing a more significant 
reduction (P<0.05) which might suggest a down-regulation of PSII activity. 
This effect is more clearly seen in plants grown under higher light intensity 
(Figure 3.6B) with the DE lines displaying a significantly lower qP (P<0.05) 
than the WT. 
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Figure 3. 5 Kinetics of NPQ in,?uction from darkness in wild type (WT), 
Overexpression (OE) (139, 147) and RNAi interference (RNAi) lines (151, 158). 
Leaves were dark adapted for 2h before measurement. Mean values of two 
independe'nt experiments ± SE (n=8) are shown. Actinic intensity is shown on 
figure. Growth room light intensity, A 450 IJmol m-2s-1, B 700 'IJmol m-2s-1• 
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RNAi plants under the two experimental conditions described in this section 
displayed significantly lower rate of qP (P<0.05) than the WT and DE lines 
(Figure 3.6). Low qP coupled with low rate of induced NPQ would suggest 
that the PSII acceptor is reduced (Munekage et ai, 2008). 
Figure 3.7 shows effective quantum yield of PSI [cp(I)] which gives an 
indication of electron transport through the photosystem I. In plants grown 
at 450 J,.Jmol m-2 S-l~ cp(I) in DE147 was significantly lower than the WT 
within the first 200s of actinic light application (Figure 3.7A). During this 
time, its rate of NPQ was comparable to the WT (P>0.05) during the same 
time period (Figure 3.5A). At the end of actinic light application, cp(I) was 
not Significantly higher in DE lines compared to the WT. In plants grown 
under higher light intensity (Figure 3.7B), the DE lines showed a 
Significantly higher cp(I) (P<0.05) than the WT. RNAi plants under the two 
experimental conditions described in this section displayed significantly 
lower cp(I) (P<0.05) than the WT and DE lines (Figure 3.7) probably due to 
photoinactivation of PSI (Munekage et ai, 2008). 
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Figure 3. 6 Kinetics of photochemical quenching (qP) in wild type (WT), 
Overexpressor (OE) (139, 147) and RNAi interference (RNAi) lines (151, 158) . 
. Leaves were dark adapted for 2h before measurement. Mean values of two 
independent experiments ± SE (n=8) are shown. Actinic intensity is s.hown on 
-. . -
figure. Growth room light intensity A 450 ~mol m-2s-1 • , B 700 ~mol m-2s-1 • 
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Figure 3. 7 Chlorophyll fluorescence analysis of effective quantum yield of 
photosystem I [ep(I)] in wild type (WT), Overexpressor (OE) (139, 147) and RNAi 
interference (RNAi) lines (151, 158). Leaves were' dark adapted for 2h before 
"measurement. Mean values of two independent experiments ± SE (n=8) are 
show~. Acti~ic intensity is shown on figure.,,, Growth room light intensity, A 450 
IJmol m-2s-1 B 700 IJmol m-2s-1• 
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Figure 3.8 shows the time course of ratio of quantum yields of Photosystem 
II to photosystem I [¢(II):¢(I)] during induction period. If CET is actively 
occurring, ¢(II):¢(I) in the OE lines should be lower than observed in the 
WT. For plants grown at 450 ~mols m-2s-1 and exposed to 1000 IJmols m-
2S-1 OE147 showed a significantly lower ¢(II):¢(I) compared with the WT 
(Figure 3.8A). In plants grown under high light 700 IJmols m-2s-1 and 
exposed to saturating actinic light of 2000 IJmols m-2s-1, ¢(II):¢(I) was 
more significantly reduced in the OE lines. 
Figure 3.9 shows a strong negative correlation between NPQ and ¢(II):¢(I) 
in the WT and OE lines, suggesting that ratio of quantum yield of PSII: PSI 
can give a precise indication of CET occurring under saturating light 
intensity. 
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Figure 3. 8 Ratio of quantum yields of Photosystem II to photosystem I 
[Y(II):Y(I)] in wild type (WT) and Dverexpressor (DE) (139, 147). Means ± SE 
(n = 8). Actinic intensity is shown on figure. Growth room light intensity, A 450 
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Figure 3. 9 Ratio of quantum yields of Photosystem II to photosystem I 
[¢(II):¢(I)] versus Non-photochemical quenching (NPQ). Each point represents 
single measurement from Figures 3.5 & 3.8. Correlations for wild type (WT), 
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3.7 PSI acceptor side limitation 
Figure 3.10 shows kinetics of NPQ induced in leaves treated with MV. In the 
RNAi lines NPQ was restored to a level similar to that in the WT and DE 
lines showing that PSI acceptor chain was not impaired in the RNAi plants 
but rather observed restrictions in electron transport may be due to limited 
electron acceptance from PSI attributed to charge recombination of P700 
(Munekage et ai, 2002). 
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Figure 3. 10 Time course of N.~Q induction in the presence of 0.4 mM MV. Uptake 
was performed by wrapping leaves of wild type (WT), Overexpressor (OE) (139, 
147) and RNAi interference (RNAi) lines (151, 158) with laboratory wipes saturated 
either with'distilled water or MV and incubated in the dark for lh. NPQ waS induced 
by illumination of leaves with actinic light of 1000 IJmol m-2 S-l for 10 min. Means 
of one experiment ± SE (n = 7). 
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3.8 Photosynthesis: dependency on varying CO 2 levels 
Dependency of CO2 assimilation (A) on intercellular leaf CO2 concentration 
(Ci) was investigated in the WT and PGR5 transgenic rice grown at 450 
~mol m-2s-1 • Analysis of the assimilation-intercellular CO2 concentration, Ci 
(A-Ci curve) at a light intensity of 1000 ~mol m-2 S-1 shown in Figure 3.11A 
was used to derive information on the maximum rate of carboxylation 
(Vcmax) by the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase 
(Rubisco), maximum rate of electron transport activity (Jmax) and triose 
phosphate utilization (TPU) (Figure 3.11B) as described by Von Caemmerer 
& Farquhar (1981). 
OE and RNAi rice plants displayed a significant reduction in the maximum 
rate of carboxylation compared with the WT rice plants (P<0.05, Figure 
3.11B). Rubisco is a key photosynthetic enzyme involved in catalyzing CO 2 
fixation. The decrease in Vcmax could be attributed to several factors such 
as inhibition in Rubisco activity, reduction in the amount of Rubisco present 
in the leaf, reduction in Rubisco specificity for CO2 or an increased affinity 
of this enzyme for O2 (Tissue et ai, 1999; Cook et ai, 1998; Sage et ai, 
1989). Jordan & Ogren (1984) showed that very minimal variations exist in 
Rubisco specificity among species. In addition, plants were grown under 
controlled conditions in this study, thus it's unlikely that Rubisco activity is 
inhibited by adverse environmental factors (Jordan & Ogren, 1984). 
'However, reductions in the total chlorophyll content· observed in the 
transgenic plants when compared to the WT (Table 3.1) s.uggest reductions 
in Rubisco leaf content (Quick et ai, 1991). 
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Jmax was significantly lower (P<0.05) in the RNAi lines indicating a lower 
capacity for electron transport. In the OE lines, Jmax was also lower in 
OE147 (P<0.05) while OE139 showed no significant change (P>0.05, Figure 
3.118). 
TPU in RNAi 158 were slightly, but significantly, lower (P< 0.05) than either 
WT or OE, indicating an inability to increase rate of photosynthesis even in 
the presence of excess CO2 (Figure 3.118) 
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Figure 3. 11 Photosynthetic traits in the wild type (WT), Overexpressor (OE) lines 
(139, 147) and RNA interference (RNAi) lines (151, 158). (A) Intercellular CO 2 
concentration (Ci) response of net CO2 assimilation (B) Calculated values from A-Ci 
analysis for the lines studied using the tool in Sharkey et al (2007) to compute 
values for maximum catalytic activity of Rubisco (Vcmax), maximum electron 
transport activity (Jmax) and triose phosphate utilization (TPU). Mean values of 
two independent experiments ± SE (n = 5-6) are shown. P<0.05. 
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3.9 Photosynthesis: dependency on light intensity 
In order to investigate the effect of PGRs on leaf photosynthetic capacity, 
the dependency of net CO2 assimilation on light was determined. Figure 
3.12 shows the response of WT and transgenic rice plants to changing light 
intensity. RNAi plants showed significantly lower rates of light-saturated 
photosynthesis Amax when compared with the WT (13-340/0, P<O.Os) as 
shown in Figure 3.13. OE147 was also significantly lower (150/0, P<O.Os) 
than the WT while OE139 was not significantly different. (Figure 3.13). 
Figure 3.14A shows dependency of photochemical quenching (qP) on light 
intensity. All plants showed decline in qP as light intensity increased. In 
RNAi rice plants, a steep decline in qP from about 0.8 to '0.5 was observed 
at light intensity below 1000 IJmol CO2 m-2s-1 which was significantly lower 
than in WT and OE rice plants (P<O.Os). qP in the OE lines was slightly 
lower than WT (P>O.Os). 
Quantum yield of PSII (cpPSII) is shown in Figure 3.14B. As was the case 
with qP, the RNAi rice plants showed significant reduction (P<O.Os) in 
cpPSII compared with WT and OE at all light intensity. Furthermore, the 
lower capacity for Amax in the RNAi lines further enhances the si gnificantly 
low cpPSII and qP, OE147 also displayed lower rate <?f cpPSII even at non 
saturating light intensity below 500 IJmol m-2s-1 • 
Figure 3.14C shows stomatal response to increase in .light intensity in the 
WT and transgenic plants. Stomatal conductance in the RNAi 158 was 
- . 
significantly higher P<O.Os) than the wild type. OE147 had the lowest 
stomatal conductance (P,>O.Os). Several factors may be responsible for 
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these variations including changes in stomatal density as well as hormonal 
control by abscisic acid. 
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Figure 3. 12 Light-dependent assimilation rate in the wild type (WT), 
Dverexpressor (DE) lines (139, 147) and RNA interference (RNAi) lines (151, 158). 
Mean values of three independent experiments ± SE (n = 5-9) are shown. P<O.05. 
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Figure 3. 13 Maximum CO2 assimilation rate at light intensity of 2000 J.Jmol m -2s-1 • 
Mean values of three independent experiments ± SE (n = 5-9) are shown. 
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Figure 3. 14 Light intensity dependence of photosynthetic traits in light adapted 
leaves of the wild type (WT), Overexpressor (OE) lines (139, 147) and RNA 
interference (RNAi) lines (151, 158). (A) photochemical quenching (qP) (B) 
quantum yield of PSII [cp(II)] (C) stomatal conductance (g5). Mean values of two 
independent experiments ± SE (n = 5-9) are shown. P<O.05. 
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Figure 3. 15 A representative picture of the wild type (WT), Overexpression 
(OE and RNA interference (RNAi) lines grown at 450 JJmol m-2s-1• 
3.10 Growth and biomass 
Plant growth analyses were carried out at 77 days after germination in WT 
and transgenic plants grown at light intensities of 450 and 700 JJmol m -2S-1. 
Figure 3.16A shows differences in average number of tillers in the WT and 
transgenic rice plants. The DE and RNAi lines produced significantly lower 
number of tillers (P<0.05) when compared to the WT at both light 
intensities. Except in RNAi 158, there was significant increase (P<0.05) in 
92 
tiller number in all lines studied when grown under high light. The greatest 
difference was in the WT which increased its tiller number from 9 tillers to 
16 tillers under high light intensity. RNAi 158 produced the least number, 
only two tillers at both light intensities. 
Figure 3.168 shows plant height determined by measuring with a ruler from 
the base of the plant to the tip of the longest leaf on the main tiller. With 
the exception of RNAi 158, all plants showed significant reduction in height 
under high light 700 J.,Jmol m-2s-1 (P<0.05). WT and OE139 showed the 
most increase in plant height (P<0.05) of approximately 90cm at this light 
intensity. At 450 J.,Jmol m-2s-1, again WT and OE139 where significantly 
higher than the other lines studied. RNAi 158 did not show any increase in 
height at both light intensities. 
Figure 3.16C shows total leaf area in the WT and transgenic rice plants. At 
the two light intensities studied, total leaf area in the WT was significantly 
higher at about 750 cm 2 (P<0.05) than in the transgenic plants, with RNAi 
158 showing the least total leaf area of 120cm2 • This increase in total leaf 
area in the WT may be due to increased tiller number. 
Figure 3.160 shows variations in leaf width in the WT and transgenic plants 
grown at light intensities of 450 and 700 J.,Jmol m-2s-1• 'Leaf width increased 
significantly under low light when compared with high light grown plants, 
,', 
atypical shade response. At high light intensity of 700 JJmol m-2s-1, WT and 
OE139 sh5Jwed the widest leaf of about 1.22cm (P<0.05) compa~ed with 
the other transgenic plants. A similar trend was observed in plants grown 
at lower light intensity of ~50 J.,Jmol m-2s-1 • 
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Figure 3. 16 Effect of PGR5-dependent CEF on plant growth parameters. 
(A) average number of tillers (8) plant height (cm) (C) total leaf area and (D) final 
leaf width (cm) were analysed in the wild type (WT), Ov~rexpressor (OE) lines 
(139, 147) and RNA interference (RNAi) lines (151, 158) plants grown at indicated 
light intensities 77 days after germination. Mean values of two independent 
experiments ± SE (n = 7) are shown. P<O.05. 
Figure 3.17 shows some biomass character istics of WT and PGRS transgenic 
rice plants grown under two different light intensities. The total fresh 
weight (FWT) of above ground biomass which constitutes leaves and stem 
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B 
D 
was significantly higher in the WT compared to the transgenic lines. FWT 
at both light intensities was about 74% and 50% in OE139 and OE147 
respectively. RNAi 151 FWT was about 40% while RNAi 158 showed the 
most drastic growth reduction with a fresh weight of 14% (Figure 3.17A). 
Total dry weight (DWT) of above ground biomass is shown in Figure 3.17B. 
DWT showed similar response to those observed in FWT above. There was 
no significance in DWT of plant biomass between the two light intensities. 
The WT showed significantly higher DWT when compared to the transgenic 
plants. DWT at both light intensities was about 73% in OE139 while a more 
significant reduction in DWT was displayed in the OE147 and RNAi 151. In 
RNAi 158, a more severe reduction was observed with a DWT of about 
13%. 
Figure 3.17C shows a similar trend to that observed in FWT and DWT 
above. WT again was significantly higher compared with other plants 
studied. FWT in OE139 and OE147 were about 82% and 55°/Q respectively. 
RNAi 151 showed a similar phenotype to OE 147 with 44% DWT. 
Figure 3.17D shows variations in total dry weight (DWT) of roots under 
light intensities of 450 and 700 IJmol m-2s-1 • A significant increase in root 
dry weight at light intensity of 700 IJmol m-2s-1 was observed in all the 
plants except RNAi 158. Inactivation of PSI has been suggested to be 
partly responsible for the 'severe reductions in' biomass in pgr5 mutants 
(Munekage et ai, 2008). Results so far suggest a severe reduction in 
photosynthetic capability of the RNAi attributable to down-regulation of the 
PGR5 protein. 
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Figure 3. 17 Effect of PGR5-dependent CEF on plant biomass. (A) fresh weight of 
leaf and stem (g) (B) dry weight of leaf and stem (g) (C) root fresh weight (g) and 
(D) root dry weight (g) were analysed in the wild type (WT), Overexpressor (OE) 
lines (139, 147) and RNA interference (RNAi) lines (151, 158) plants grown at 
indicated light intensities, 77 days after germination. Mean values of two 
independent experiments ± SE (n = 7) are shown. P<O.05. 
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3.11 Discussion 
This study showed that CET does occur in rice leaves overexpressing the 
PGRS protein when grown under non-saturating light intensity although the 
rate increased significantly in leaves exposed to light stress i.e. when the 
linear electron pathway is fully saturated. Previous studies demonstrated 
that PGRS-dependent CET functions during stress conditions such as high 
light, drought and low CO2 (Nandha et ai, 2007; Munekage et ai, 2002). In 
this study, occurrence of the CET pathway was determined with repetitive 
saturating-pulses for assessment of fluorescence and P700 absorbance 
changes was applied as described in section 2.16 to give an estimate of 
effective quantum yield of PSII [cp(II)] and PSI [cp(I)]. Involvement of CET 
should increase cp(I), with CET requiring excess of PSI turnover possibly to 
meet enhanced metabolic demand for ATP. Therefore, comparing the 
quantum yield of both photosystems, variations in the ratio of the effective 
quantum yield of PSII [cp(II)] to PSI [cp(I)] should give us an indication of 
. the occurrence of CET. This study showed that PGRS-dependent CET, 
manifested as the decrease in cp(II):cp(I) in the OE lines compared to the 
WT. 
A dose correlation was observed between cp(II):cp(I). and NPQ in the WT 
and OE lines, indicating that PGRS-dependent CET produced a pH gradient 
across the thylakoid membrane sufficient to drive NPQ (Johnson, 2004). 
Thus, the size of NPQ induced was dependent on the level of the PGRS 
protein, as shown by western blotting, and that PGRS accumulated in the 
OE but was absent in the RNAi lines. Since the duration of induction in this 
experiment was 10 min, the time frame within which transient NPQ is 
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formed in rice leaves (Hubbart et ai, 2012), this result suggests a role for 
PGRS dependent CEF during induction of photosynthesis. In addition, the 
high NPQ sustained throughout the induction period in high light grown 
plants (Figure 3.sB) may sug'gest a role for PGRs-dependent CET during 
steady state photosynthesis, possibly in sustaining NPQ. This will be 
investigated further in Chapter 4. 
The RNAi lines showed significantly low NPQ. However, infiltration with MV, 
a PSI electron acceptor, restored NPQ to a level similar to that in the WT 
and OE lines. This observation suggests that PSI acceptor chain was 
inhibited and not impaired in the RNAi plants in agreement with Munekage 
el al (2002), which may lead to over reduction of the stroma and 
photodamage/photoinhibition of PSI (Shikanai, 2007) and subsequently 
reducing LET (Figure 3.7). 
Decrease in the maximum catalytic activity of Rubisco (Vcmax) as well as 
in the total chlorophyll content suggest lower Rubisco content and/or 
decreased Rubisco activity in PGRs overexpression and RNAi rice plants and 
may partly explain the low rate of PSII electron transport capacity in these 
plants. It has been reported that Rubisco is capable of limiting 
photosynthesis (Portis, 1992; Seeman et ai, 1988). particularly in rice 
leaves (Hubbart et ai, 2012; Makino et ai, 2002). In addition, rate of RUBP 
regeneration (Jmax) in the .. OE lines was not different from the WT clearly 
"suggesting that Rubisco-associated limitations significantly influenced rate 
. 
of CO2 assimilation in rice plants overexpressing the PGRs protein. In 
contrast similar rate of CO2 aSSimilation in pgrs and wi,!dtype A. thaliana 
under conditions where carboxylation efficiency limits net CO 2 assimilation 
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was reported by Munekage et al (2008). However, significantly low Jmax 
and CO2 assimilation in the RNAi lines suggests that limitations associated 
with Rubisco is not the sole factor limiting photosynthesis but rather 
limitation partly lies in electron" transport as suggested above. 
Leaf photosynthesis is important for plant growth and biomass allocation 
(Stitt & Schultz, 1994). Under non-saturating and saturating light, biomass 
accumulation in the" transgenic lines was consistent with observed rate of 
CO2 assimilation. Since CET is an important source of ATP required to 
maintain proper ATP/NADPH ratio in the chloroplast (Heber, 1992), 
inhibition of electron transport in the RNAi lines decreases ~pH and 
subsequently ATP production required for optimum photosynthesis. 
In conclusion, the PGRS protein plays an essential role in growth and 
photosynthesis in rice plants in the absence of photoinhibitory stress, 
potentially limiting growth and photosynthesis by three factors; (i) 
reduction in Rubisco content and/or decreased Rubisco activity and/or 
increased rate of Rubisco oxygenation (ii) inhibition of linear electron 
transport (iii) decreased rate of ATP production limiting optimal rate of 
photosynthesis. 
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CHAPTER 4 
RESPONSE OF PGRS TRANSGENIC RICE TO 
DYNAMIC CONDITIONS 
100 
CHAPTER 4: RESPONSE OF PGRS TRANSGENIC LINES 
TO DYNAMIC CONDITIONS 
4.1 Introduction 
Plants do not exist in a static environmental rather they are exposed to 
rapid and/or irregular changes in light intensity which may be saturating for 
photosynthesis. This variation may be accompanied by fluctuations in 
temperature and moisture availability, which predispose plants to stress 
with impact on metabolic capacity (Demmig-Adams and Adams, 1992). 
Photosynthetic processes in plants are continuously adjusting 
photosynthetic capacity to match these complex changes in other to 
minimise stress/photodamage which may increase/decrease plants fitness. 
Understanding and exploiting these dynamic changes is crucial in attempts 
to achieve efficient resource utilization in crops. 
The PGR5 protein has been implicated in stress tolerance in several studies. 
However its regulation and function in photosynthesis is not yet clear. In 
.> 
Chapter 3, photosynthetic responses and growth parameters were 
characterized in PGR5 RNA interference (RNAi) and overexpression (DE) 
transgenic rice plants under steady state conditions. In this chapter, 
responses of PGR5 transgenic lines, grown in low light (450 IJmol m-2s-1), to 
.. , 
dynamic environmental conditions were characterized. Specifically this 
study aim,s to determine the role of PGR5 protein in the regulatior) of rice 
leaf photosynthesis in RNA interference and over-expression transgenic rice 
plants under dynamic con~itions. 
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4.2 Results 
4.3 NPQ Induction and photosynthesis at ambient CO 2 
Figure 4.1 shows the time course of NPQ induction in dark-adapted leaves 
of WT and transgenic rice using an infra-red gas analyser for simultaneous 
measurement of CO2 assimilation and chlorophyll fluorescence. On 
transition from dark adaptation to actinic light of 500 IJmol m-2 S-l, in the 
WT and DE (Figure 4.1A), a large transient was observed within the first 10 
min of illumination, a similar timing to that seen in Figure 3.5. This 
transient was approximately two times higher than NPQ level at steady 
state following 30 min of illumination. Similar types of NPQ transient has 
been reported recently in leaves of rice overexpressing PsbS protein when 
grown at light intensity of 600 IJmol m-2 S-l (Hubbart et ai, 2012) and at 
very low PAR levels (less than 50 IJmol m-2 S-l ) in both WT Arabidopsis 
thaliana and A. thaliana overexpressing the PGR5 protein, although it was 
enhanced in the overexpressor (Okegawa et ai, 2007). The transient was 
completely absent in RNAi of either rice or A. thaliana. The appearance of 
transient NPQ can be explained by the rapid generation ·of transthyla koid 
pH gradient (~pH) upon sudden dark to light transition, probably related to 
a restriction of the electron transport chain, and its subsequent breakdown 
as reactions of the Calvin-Benson cycle and other aSSimilatory processes 
become fully active (Horton, 1983). Throughout" the period of illumination, 
NPQ level was reduced in the RNAi plants. There was no significant 
difference in the NPQ at steady state in WT and OE. 
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To increase degree of saturation of the photosynthetic electron transport 
chain, a higher light intensity (1000 J.Jmol m-2 S-l) was applied to induce 
NPQ (Figure 4.18). The induction pattern observed at this light intensity 
was similar but the differences' between plant types were more pronounced 
than at 500 J.Jmol m-2 S-l. Under this condition in the WT, NPQ transient 
induced during the first 5 min of illumination was ",30% higher than at 
steady state following 30 min of illumination. Again the transient was 
completely absent in RNAi and the NPQ level reached at the end of 
illumination was consistently lower in RNAi. In the OE, NPQ was rapidly 
induced at onset of illumination but only relaxed very slightly throughout 
the course of illumination. Consistently high NPQ observed at steady state 
in OE may be due to high rate of CET activity releasing a higher amount of 
protons into the thylakoid lumen to generate a ~pH which may out-
compete proton utilization for ATP synthesis thus playing a role in 
regulating the redox poise of the PET chain during induction of 
photosynthesis and at steady state (Cardol et ai, 2010). Furthermore, the 
degree of NPQ observed in the lines studied implies that the level of pgr5 
protein influences the extent of NPQ expression in rice grown under non-
saturating light intensity following transition from dark to light and at 
steady state. 
Figure 4.2 shows the time course of qP. At 500 J.Jmol m-2 S-l (Figure 4.2A), 
qP values of around 0.8 were observed in both WT and OE indicating 
limited closure of PSI! centres and 9 low degree of saturation of 
photosynthesis. At 1000 J.Jmol m-2 S-l, qP in the OE was lower than WT 
.. 
(Figure 4.28), which might suggest a relative down-regulation of PSII 
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activity and closure of more PSII centres. Indeed the cpPSII (Figures 4.2D) 
during the initial transient supports the suggestion that PSII is more 
reduced during this time. 
qP was consistently lower in the RNAi compared to the WT and DE 
(P<O.OS) throughout the period of illumination (500 IJmol m-2 S-l). Prior to 
switching off actinic light, qP in RNAi was about 37% lower respectively 
than in the WT (Figure 4.2A). At 1000 IJmol m-2 S-l, qP further decreased 
by about 40% in the RNAi (Figure 4.26). As was the case with qP, cpPSII in 
the RNAi was significantly lower throughout the period of illumination at 
both light intensities (Figure 4.2C&D). Furthermore, the lower capacity for 
Amax in the RNAi lines further enhances the significantly low cpPSII and qP, 
Since the RNAi leaves are impaired in the PGRs-dependent cyclic flow, 
these reductions may be attributed to over-reduction of the chloroplast 
stroma due to PSI acceptor side limitation (section 3.6). 
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Figure 4. 2 (A&B) photochemical quenching (qP) and (C&D) quantum yield of 
photosystem II [cp(II)] during induction from darkness in wild type (WT), 
Overexpression (OE) and RNAi interference (RNAi) lines at a cuvette CO 2 
concentration of 400~1 L-1 and relative humidity of 60 0/0. Actinic intensity is shown 
on figure. Leaves were dark adapted for 2h. Means ± SE (n = 4). 
Following the switch off of the actinic light, a slow relaxation of NPQ in the 
dark was observed in RNAi )58 at light intensities of 500 and 1000 J..Imol m-
.. 2S-1 (Figure 4.1). The RNAi showed the slowest rate of relaxation compared 
to the DE' and WT. Figure 4.3 shows the "separation of the dark relaxation 
kinetics from Figure 4.1 into the fast (qE) and slow relaxing (qI) component 
of NPQ (Section 1.11; Maxwell and Johnson, 2000). qT was not discernable 
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and was considered to be part of qI. The lowest proportion of NPQ 
attributed to qI was observed in the WT and OE transgenic plants ranged 
between 9% -16% at both light intensities suggesting a high proportion of 
NPQ in these plants were of the qE-type. However about 41% of NPQ in 
RNAi 158 was attributed to qI, which increased to about 50% at 1000 IJmol 
m-2s-1 suggesting that a large part of the quenching may be due to 
photoinhibition. This is expected since plants deficient in PGR5 protein 
show increased susceptibility to photoinhibition (Takahashi et ai, 2009; 
Munekage et ai, 2004). However it is inconsistent with data showing that 
growth room plants were not photoinhibited from measurements of Fv/Fm 
(Figure 3.4). 
Figure 4.4 shows CO2 assimilation rate in the WT and transgenic lines. In 
the presence of an actinic light intensity of 500 IJmols m-2s-1, the rate of 
CO2 assimilation in the RNAi was significantly lower (P<0.05) than observed 
in the WT at steady state (Figure 4.4A). With actinic light of 1000 IJmols m-
2S-1 (Figure 4.48) , CO2 assimilation rate was Significantly lower (P<0.05) 
than observed in the WT (P<0.05) at induction and at steady state in 
agreement with previous studies (Munekage et ai, 2008). 
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Figure 4. 3 Separation of qE and qI components of non-photochemical quenching 
(NPQ) in leaves of wild type (WT), Overexpressor (OE) and RNAi interference 
(RNAi) lines. qE and qI were calculated as described in section 1.11.3. Actinic 
intensity is shown on figure. Means (n = 4). 
In the OE, the large NPQ transient observed within the first 10 min of 
induction coincided with reduced rate of CO2 assimilation (P>O.OS) within 
the same time period. At steady state under low light, there was no 
significant difference in the rate of CO2 assimilation in the OE compared to 
the WT. However, at steady state under high actinic light intensity, 
significant reduction in CO2 assimilation rate coincided· with sustained slow-
relaxing steady state NPQ (Figure 4.1A). These results suggest that the 
activity of the PGRS protein is closely related to chang~s in the rate of rice 
leaf photosynthesis at induction and steady state photosynthesis and may 
play a role in maintaining balance of the redox state of the photosynthetic 
electron transport chain (PET). 
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Figure 4. 4 Rate of CO2 assi~i1ation in wild type (W!), Overexpression (OE) and 
RNAi interference (RNAi) lines during induction from darkness at a cuvette CO2 
··concentration of 400J,J1 L-1 and relative humidity of 60%. Leave"s were dark adapted 
for 2h. Actinic intensity is shown on figure. Means ± SE (n = 4). 
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4.4 NPQ induction and photosynthesis under high CO 2 
To further investigate the development of high NPQ during the induction 
and steady state period of ph.otosynthesis, an experiment was carried out 
with two cycles of illumination under high CO2 simultaneously measuring 
gas exchange and chlorophyll fluorescence. In vivo increases in the activity 
of the enzyme ribulose-1,S-biphosphate carboxylase/oxygenase (Rubisco) 
after illumination can limit photosynthesis (Portis, 1992; Seeman et ai, 
1988) particularly in rice leaves (Hubbart et ai, 2012; Makino et ai, 2002). 
Thus, if Rubisco limitation is removed thereby increasing rate of CO 2 
assimilation and further increasing leaf internal CO2 concentrations for 
carboxylation, there should be a greatly reduced difference in the level of 
NPQ induced between WT and OE. 
High CO2 should reduce stomatal and Rubisco-associated limitations to 
photosynthesis during the initial phase of induction. To test this, at 1000 IJI 
L-1 CO2, dark adapted leaves were illuminated (1000 IJmol m-2 S-l) for 
20mins to achieve steady state followed by a period of 10 min in the dark. 
Leaves were then re-illuminated for another 20 min at which point the 
leaves are "light activated", that is enzymes of Calvin cycle and other 
assimilatory processes are fully active than during first illumination. Figure 
4.5 shows results from this experiment. After induction, WT NPQ did not 
relax but slightly increased'throughout the course of illumination. However 
a large NPQ transient induced during the first 10 min of illumination in the 
OE was about 23% higher than peak NPQ in the WT at induction of 
photosynthesis. On re-illumination there was no difference in the level of 
induced transient in the WT and OE, which relaxed within 2 min of induction 
~ . 
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to a steady state. At the end of 20 min induction (steady state) at first 
illumination, there was no difference in the level of NPQ in the WT and OE, 
a condition almost instantaneously reached at onset of second illumination 
since capacity for CO2 assimilation may no longer be inhibited by Rubisco. 
Furthermore, at high CO2 it is more likely that electron transport capacity 
will limit photosynthesis, rather than Rubisco and gs. In the RNAi, the 
transient was completely absent and NPQ was about 38% & 52% lower 
than the WT and OE respectively. 
Photochemical quenching (qP) during the two cycles of illumination under 
high CO2 are shown in Figure 4.6A. qP of about 0.6 was observed in the WT 
and OE. In the RNAi plant however, qP was about 30% lower (P<0.05) than 
the WT or OE at the end of each illumination cycle. 
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Figure 4. 5 NPQ induction at cuvette CO2 concentration of 1000 ~I L-1 during two 
cycles of 20 min actinic illumination at 1000 ~mol m-2 S-1 and 10 min of dark 
relaxation in dark-adapted leaves of wild type (WT), Overexpression (OE) and RNAi 
interference (RNAi) lines. Means ± SE (n = 3-6). 
In comparison with the WT, a 300/0 decrease in PSII quantum yield was 
observed in RNAi (P<O.OS). Decrease in ¢PSII was diminished in the OE 
(60/0) during induction although clearly not proportional to the size of 
transient observed (Figure 4.6B). The similarity between ¢PSII in OE and 
WT suggests some degree of 'photostasis' regulated by the differi ng NPQ 
and qP values. 
Figure 4.7 shows CO2 assimilation rate in the WT and transgenic lines. The 
rate of CO2 assimilation in· the RNAi was significantly lower (P<O.OS) than 
'that observed in the WT at induction and at steady state (Figure 4.7A) in 
agreement· with previous studies (Munek'age et ai, 2008). In the OE, the 
large NPQ transient observed within the first 10 min of induction coincided 
with reduced rate of CO2 assimilation (P<O.OS; Figure 4.7B) within the 
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same time period due to a higher capacity for CET which relaxes completely 
as the Calvin-Benson cycle is fully activated. Thus, in the absence of 
stomatal and Rubisco associated limitations due to high rate of 
carboxylation, the Calvin-Benson cycle became an adequate sink for 
reducing equivalents of the PET chain. 
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Figure 4.6 (A) photochemical quenching (qP) (B) quantum yield of PSII [¢(II)] at 
cuvette CO2 concentration of lOOOlJ1 L-1 during two cycles of 20 min acti~ic 
illumination at 1000 IJmol m-2 S-1 and 10 min of dark relaxation in dark-adapted 
leaves of wild type (WT), Overexpression (OE) and RNAi interference (RNAi) lines. 
Means ± SE (n = 3-6). 
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Figure 4. 7 Rate of CO2 assimilation IJmol CO2 m-2 S-l measured simultaneously 
with chlorophyll fluorescence.at cuvette CO2 concentration of 1000 IJI L-1 during 
.. two cycles of 20 min actinic illumination at 1000 IJmol m-2 5-"1 and 10 min of dark 
relaxation in dark-adapted leaves of wild type (WT), Overexpression (OE) and RNAi 
interference (RNAi) lines. Means ± SE (n = 3-6). 
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4.5 NPQ induction and photosynthesis under low 
atmospheric moisture 
Cyclic electron transport activities under stress conditions have been 
documented (see review Johnson, 2005). Rice is very sensitive to low 
moisture induced stress conditions (Hirasawa, 1999). Low moisture cause 
stomatal closure which restricts CO2 uptake (Ci) by leaves inhibiting water 
potential for photosynthesis and growth (Flexas et ai, 2004, 2006; Makino 
et ai, 1997). A sensitive and most rapid response to stomatal closure in 
plants involves a significant reduction in rate of photosynthesis due to the 
low Ci which ultimately may result in photodamage and/or photoinhibition 
(Jaleel et ai, 2009). The ability of a plant to respond rapidly to adverse 
reductions in rate of leaf photosynthesis by engaging photoprotective 
mechanisms will be beneficial for increased biomass. 
As a quick way of manipulating stomatal conductance to reduce Ci in rice, 
we investigated the response of PGR5 transgenic plants to a steady decline 
in moisture level by simultaneous analysis of gas exchange and chlorophyll 
fluorescence analysis of PSII photochemistry under ambient CO2 and actinic 
light intensity of 1000 J,Jmol m-2 S-l. From the dark-adapted state, actinic 
light was applied and steady state achieved (10 min) prior to application of 
saturating pulses. Saturating pulses were applied at 2 min intervals and 
during the course of induction while a stepwise decrease in cuvette relative 
humidity (RH%) was carried out every 10 min (Figure 4.8A). Leaf 
temp~rature. was maintained between 27~-29°C in all lines (Figure 4.86). 
Clear phenotypes were observed. 
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Figure 4. 8 (A) RH% (B) leaf temperature maintained in the cuvette during 
stepwise decrease in cuvett~. relative humidity (RHO!o) in dark-adapted leaves of 
wild type (WT), Overexpression (OE) and RNAi interference (RNAi) lines at a 
.. cuvette CO2 concentration of 400J,J1 L-1 and light intensity of 1000 J,Jmols m-2s-1 • 
Saturating light applied after 10 min light activation. Level of RH% maintained 
during a 10 min interval is indicated in boxes on X-axis. Means ± SE (n = 5). 
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The OE line induced and sustained high NPQ (200/0, P<0.05) compared to 
the WT throughout 60 min period (Figure 4.9) while in the RNAi, NPQ was 
around 38% lower than the WT. Note that NPQ in the RNAi was steady 
within 20 min of induction despite gradual decline in moisture. WT NPQ 
reached a steady state at about 45 min. However, NPQ was still increasing 
steadily as moisture level decreased in OE transgenic rice plants indicating 
that plants overexpressing PGR5 protein can respond quickly to short term 
changes in moisture levels. The above observations suggest that the PGR5 
is essential in the rapid photoprotective responses of rice plants under mild 
stress condition. 
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Figure 4. 9 Non-photochemical quenching measured simultaneously with gas 
exchange during stepwise decrease in cuvette relative humidity (RH%) in dark-
.. adapted leaves of wild type (WT), Overexpression (OE) and RNAi interference 
(RNAi) lin~s at a cuvette CO2 concentration ot 4001-11 L-1 and light intensity of 1000 
I-Imols m-2s"'1. Saturating light applied after 10 min light activation. Level of RHO/o 
maintained during a 10 min interval is indicated in boxes on X-axis. Means ± SE 
(n = 5). 
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Figure 4.10A shows photochemical quenching (qP) measured during a 
stepwise decrease in moisture level. In the RNAi plants, qP was consistently 
lower than the WT and OE (P<O.OS) decreasing by about 600/0 
corresponding very closely to the low rate of ETR through PSI!. qP in the 
OE was also slightly lower than the WT becoming significantly lower as 
moisture declined to about 200/0 indicating that as the decrease in moisture 
level became more severe, more electrons are returned to PSI, consistent 
with an increased CET. Furthermore, cpPSII was down-regulated as 
indicated by the Significant decline in PSII quantum yield (100/0, P<O.OS) 
consistent with the observed increase in their corresponding NPQ. cpPSII 
was significantly lower in the RNAi (SO%, P<O.OS) compared with the WT 
or OE plants with decreasing moisture levels (Figure 4.10B). 
The rate of CO2 assimilation shown in Figure 4.11A gradually declined in the 
WT and transgenic rice plants as moisture level decreased. Again, the RNAi 
lines showed a significantly lower rate of CO2 assimilation when compared 
with the WT and OE (P<O.OS), consistent with observed down-regulation of 
cpPSII. Reduction in rates of CO2 assimilation as well as was also observed 
in OE plants compared with the WT in the final SO min of measurement 
coinciding with the trend observed in NPQ (Figure 4.9). Low moisture is 
likely to increase the demand for ATP due to decrease in rate of 
photosynthesis, resulting in an imbalance in the ratio of ATP/NADPH. In 
addition, there was a small reduction in gs, and a relatiyely large change in 
Ci, indic~ting that photorespiration is jnvolved here. Photorespiration 
consumes ATP - Is more ATP required for the photorespiratory pathway? 
Perhaps this is part of Jhe reason. PGRS-dependent cyclic electron flow 
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responds to this imbalance in ATP/NADPH by increasing its activity thus 
increasing transthylakoid proton gradient (~pH) required for generation of 
NPQ and down-regulating LET (Johnson, 2003). This dynamic response 
mainly attributed to PGRS 'in this study is clearly shown in Figure 4.11B 
displaying a strong but negative correlation between NPQ and rate of CO2 
assimilation in the WT and OE. 
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Figure 4. 10 (A) photochemical quenching [qP] (B) quantum yield of PSII [¢(II)] 
measured simultaneously with gas exchange during stepwise decrease in cuvette 
relative humidity (RH%) in dark-adapted leaves of wild type (WT), 
Overexpression(OE) and RNAi interference (RNAi) lines at a cuvette CO 2 
concentration of 4001J1 L-1 and light intensity of 1000 IJmols' ~-2S-1. (Saturating light 
applied after 10 min light activation. Level of RH% maintained during. a 10 min 
interval is indicated in boxes on X-axis. Mea~ns ± SE (n = 5) .. 
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Figure 4. 11 (A) Rate of CO2 assimilation (IJmol CO2 m-2s-1) measured during 
stepwise decrease in cuvette relative humidity (RH%) in dark-adapted leaves of 
wild type (WT), Overexpressor (OE) and RNAi interference. (RNAi) lines at a cuvette 
CO2 concentration of 400IJI L-1 and light intensity of 1000 IJmols m-2s-1• Saturating 
light applied after 10 min light activation. Level of RH% maintained during a 10 
min interval shown in boxes on X-axis. Mea"ns ±?E (n = 5). (B) Non-
photochemical quenching (NPQ) versus CO2 assimilation. Each point represents a 
single m~asurement in Figures 4.9 & 4.11A. pnes shown are linear correlations for 
wild type (WT), Overexpression (OE) and RNA interference (RNAi) data. 
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Stomatal closure, a primary response of plants under mild to moderate 
drought stress is generally accepted as a major determinant for decreased 
photosynthesis (Medrano et" aI, 2002). This response minimizes water loss, 
lowering intercellular CO2 concentration (Ci), causing stomatal or diffusional 
limitation to photosynthesis (Chaves et ai, 2003) as a consequence of 
Rubisco's low affinity for CO2• In this study, the OE line showed significant 
decrease in g5 and Ci (P<O.OS, Figure 4.12) which suggests that stomatal 
limitations/closure may partly be a cause of decreased photosynthesis 
observed in rice plants over expressing the PGRS protein although other 
non-stomatal limitations may also be present as seen in its Vcmax (Chapter 
3, Figure 3.12B). 
Stomatal conductance (g5) was not significantly different in the RNAi plant 
compared to the WT (Figure 4.12B). This observation might indicate the 
existence of nonstomatal limitations impairing metabolic activities such as 
ATP synthesis, electron transfer and ribulose-1,S-biphosphate (RuBP) 
synthesis (Cossins & Chen, 1997). Thus, these results in the RNAi line 
suggest a reduction in the photosynthetic capacity as a result of lack of the 
PGRS protein. Also intercellular CO2 concentration was higher in the RNAi 
plant (P<O.OS) compared to the WT indicating as suggested with g5' a 
decrease in rate of CO2 assimilation seen in its TPU and Amax (section 3.7). 
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Figure 4. 12 Chlorophyll fluorescence analysis and gas exchange measured 
simultaneously during stepwise decrease in cuvette relat"ive humidity (RH%) in 
dark-adapted leaves of wild type (WT), Overexpression (OE) and RNAi interference 
(RNAi) lines at a cuvette CO~ concentration of 400J,J1 L-1 and light intensity of 1000 
J,Jmols m-2s-1• (A) Intercellular CO2 concentration, Ci' (J,JI L-1) (B) stomatal 
conductance (mmol H20 m-2s-1). Saturating light applied after 10 min light 
activation. Level of RH% maintained during a 10 min interval s.hown in boxes on X-
axis. Means ± SE (n = 5). 
123 
4.6 Discussion 
A large NPQ transient was observed in rice during the induction of 
photosynthesis. The transient was absent in the RNAi and increased 
significantly in the OE line indicating that the PGRS protein may influence 
the size of NPQ induced at onset of photosynthesis that is, following a shift 
from dark to light. A similar transient have been described in rice 
overexpressing the PsbS protein (Hubbart et ai, 2012). In A. thaliana, a 
similar transient was reported under low light (Kalituho et ai, 2007) and 
when the PGRS protein over-accumulates in vivo (Okegawa et ai, 2007). 
However, Makino et ai, 2002 demonstrated that the water-water cycle may 
also function during induction of the NPQ transient at onset of 
photosynthesis in rice, although the contribution of this cycle could not be 
quantified in this study. 
When compared to the WT during induction of photosynthesis, steady state 
levels of NPQ were significantly higher in the OE and lower in the RNAi after 
30 minutes of illumination. The degree of NPQ observed in the PGRS 
transgenic plants, in low and high light and under high CO2, when stomata 
and Rubisco are no longer limiting, suggests that PGRS may be required by 
rice for full expression of NPQ, indicating an essentia.1 role for cyclic electron 
transport during steady state photosynthesis. However, previous studies 
suggested that the PGRS protein was not -essential for cyclic flow in 
Arabidopsis thaliana pgrS mutants (Nandha et ai, 20'07; Livingston et ai, 
2010). ' Similarly, from previous experiments with ,Arabidopsis plants 
overexpressing the PGRS protein, Okegawa et al (2007) showed transient 
increase in NPQ at induction under low light. These differences may partly 
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be due to be variations in CET activity between species or conditions 
(Kramer et aI., 2004). 
Rapid relaxation of NPQ kinetics of the WT and OE in this study indicated 
that a qE-type of NPQ was predominant. In contrast, NPQ in the RNAi line 
was mostly due to photoinhibition with almost 40% showing characteristics 
of qI-type. The RNAi rice plants were earlier shown to be inhibited at the 
acceptor side of PSI (Section 3.7), likely to result in over-reduction of the 
PSI triggering PSI photoinhibition (Munekage et ai, 2002) and ultimately 
inhibiting the generation of LlpH important for qE development. In addition, 
the impairment of both CET and qE was shown to inhibit the de novo 
synthesis of the 01 protein, important for the repair of photodamaged PSII, 
under strong light. This in turn accelerates PSII photoinhibition observed as 
qI in this study. 
Under mild water stress, rice is a drought-susceptible crop, due in part to 
its rapid stomatal closure (Hirasawa, 1999) which may reduce its capacity 
to assimilate carbon to result in photoinhibition under high light (Zhou et 
ai, 2007). If rice is exposed to mild but fluctuating moisture stress, will the 
PGRS protein enhance it's ability to engage photoprotective mechanisms, in 
response to rapid but adverse changes in rate of leaf photosynthesis in the 
long term? In this study, when PGRS transgenic rice leaves were subjected 
a steady decline in atmospheric moisture level, Significantly high NPQ was 
induced and sustained at steady state in OE lines. This suggests that there 
..... 
isa requirement for enhanced cyclic electron transport under such 
conditions in rice and that the PGRS protein is implicated in stress 
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responses in plants both in the short and long-term probably as a result of 
an altered requirement for ATP (Section 6.6). 
Low moisture results in stomatal closure in order to reduce transpiration 
rates, thereby limiting CO2 uptake by leaves which in turn enhances 
Rubisco oxygenation and photorespiration (Flexas et ai, 2006; Wingler et 
ai, 1999). In addition, Bunce (1981) demonstrated that the rate of CO2 
assimilation decreased in leaves in response to a drop in air humidity under 
moderate leaf water deficits. In this study, stomatal conductance (g5) and 
rate of intercellular CO2 (Ci) were significantly lower in the OE transgenic 
rice plants compared with the WT, suggesting that in the low humidity 
experiments, low CO2 assimilation observed in the OE lines may mostly be 
as a result of Rubisco/stomatal limitations as observed under non-
photoinhibitory conditions (Chapter 3). Increase in rubisco oxygenation/ 
photorespiration in relation to CET is discussed in Section 6.5 & 6.6. 
However, photosynthesis is not only restricted by stomatal limitations but 
also by non-stomatal limitations that impair metabolic reactions such as 
RuBP synthesis, ATP synthesis and electron transfer (Cossins & Che, 1997). 
In the RNAi lines in this study, g5 was not significantly different when 
compared to the WT while the Ci was higher (P<O.Os). This observation 
suggests a reduction in the photosynthetic capacity of the RNAi pia nts. 
Taken together, these observations suggest a direct role for PGRs in the 
intrinsic photosynthetic capacity of rice plants. 
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CHAPTER FIVE: 
RESPONSE OF PGRS TRANSGENIC RICE TO 
FLUNCTUATING LIGHT AT CANOPY LEVEL 
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CHAPTER 5: RESPONSE OF PGR5 TRANSGENIC RICE 
TO FLUNCTUATING LIGHT AT CANOPY LEVEL 
5.1 Introduction: 
Photosynthesis is the most important biochemical process in nature, 
serving as energy source for most living organisms. It is driven solely by 
light energy and serves as the basis for all crop production practices 
(Evans, 1993). In the natural environment, plants are exposed to rapid 
fluctuations in solar radiation which may reach a peak on sunny days. 
Under such conditions, maximum energy utilization in photosynthetic 
processes is rarely achieved in crop plants such as rice (Murchie and 
Horton, 2007) partly as a result of delay in the dynamic adjustment of 
plants to rapid fluctuations in light (Schurr et ai, 2006). This situation 
results in the absorption of excess light beyond photosynthetic capacity of 
leaves worsened further by the occurrence other stress conditions such as 
high nutrient deficiency, drought and temperature. 
Plants possess series of photoprotective regulatory processes to harmlessly 
dissipate excess absorbed light energy as heat (NPQ), thus preventing 
damage to plant photosynthetic machineries· which could limit 
photosynthesis and growth, ultimately reducing overall canopy 
photosynthesis and biomass production (Murchie et ai, 1999). In rice, 
photoprotective regulatory processes have been identified by Horton et al 
(2001) as· potential targets for improvement. The qE component of NPQ has 
been shown to affect plant fitness and productivity as well as protect plants 
from photoinhibition (Hubbart et ai, 2012; Kasajima et ai, 2011; Li et ai, 
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2002). However in contrast, Frenkel et al. (2009) attributed a decline in 
PSII quantum yield of npq4 plant mutants lacking qE to diversion of 
assimilate towards defence mechanisms rather than growth. Thus, to 
enhance leaf photosynthesis, understanding the mechanisms of 
photoprotection is crucial for optimization of dynamic responses of plants to 
the environment. 
In recent years, our understanding of regulatory processes of 
photosynthesis in particular qE has increased. Several studies were carried 
out mainly in Arabidopsis as well as in rice, which mostly involve 
monitoring single plants under controlled conditions in growth chambers 
(Hubbart et ai, 2012; Sousa et ai, 2012; DalCorso et ai, 2008). Crop 
production however involves plants grown in a community, mutually 
interfering with one another forming crop canopy where most leaves 
experience fluctuating light. Such plants are able to respond to changing 
environmental conditions by altering their morphology and/or physiology 
(Navas and Garnier 2002; Sultan 1995). Knowledge of canopy light 
distribution and absorption is fundamental for understanding many aspects 
of crop growth and productivity. This is crucial for maximum photosynthetic 
efficiency while avoiding photoinhibition. In a comparison between 
Arabidopsis plants grown in the field and growth room, Mishra et al. (2012) 
reported variations in their morphological characteristics in response to 
prevailing environmental conditions. Rice plants grown under two different 
light int~nsities in the growth room have been described in chapter 3. Light 
conditions in the growth chamber however are rather low compared to the 
field where light intenSity may reach 2000 IJmol m-2s-1 on sunny days. 
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Therefore information on the performance of plants grown in the field will 
further enrich our understanding of molecular basis of photosynthesis in 
order to optimize crop yield. 
Increase in photosynthetic efficiency in crop plants can be measured as an 
increase in crop biomass. In a recent review, Murchie et al. (2009) 
highlighted the potential for crop improvement by increasing production of 
crop biomass and grain yield through alterations of leaf photosynthesis. 
Therefore understanding the mechanisms and regulation of photoprotection 
is fundamental to a better understanding of plants growth and our ability to 
alter rate of biomass production. In this chapter, morphological and 
physiological characterisation of PGRS antisense and overexpressing rice 
crops grown to canopy level in a crop glasshouse was carried out. This is 
aimed at investigating the potential impact of PGRS cyclic electron 
transport on induction of NPQ, photosynthetic efficiency and growth 
performance of rice crops. 
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Figure 5. 1 Example of rice grown in the crop glasshouse 
5.2 Results 
Transgenic rice lines produced using DE construct (147) and RNAi construct 
(158) and WT (Kaybonnet variety) were grown in plots in the crop 
glasshouse (Figure 5.1). Plants were screened for NPQ level as described in 
2.10 to allow selection of lines showing greatest divergence in their NPQ 
level from the WT. Figure 5.2 shows average NPQ levels of WT and 
transgenic plants. WT plants showed an average NPQ of 1.30, while RNAi 
and DE lines showed an average of 0.49 and 1.53 respectively. With the 
wild type intermediate between the transgenic lines, ten plants showing 
most extreme NPQ level (DE> 1. 5 and RNAi < O. 5) were selected for further 
analysis. 
131 
1.8 
1.6 
1.4 
1.2 
0 1.0 
a.. 
z 0.8 
0.6 
0.4 
0 .2 
0 .0 
WT OE RNAi 
Figure 5. 2 Average NPQ measured on excised leaf segments after a ls-min 
actinic period in a chlorophyll fluorescence imager for wild type (WT), 
Dverexpression (DE) and RNA interference (RNAi) lines. Means ± SE, n=30-80. 
5.3 Continuous PAR and NPQ measurement. 
Figure 5.3A shows 24 h time course of above the canopy average 
photosynthetically active radiation (PAR) readings. Six ceptometer were 
placed unattended at different locations within the experimental plots to 
automatically log PAR readings every 8 min. The six readings were 
averaged to get PAR for the whole experimental plots. PAR increased 
gradually through the day to reach a peak of about 490 ~mols m -2S-1 at rv 
14 h, before gradually declining. 
Figure 5.3B shows 24 h time course of NPQ at 10 min interval. NPQ was 
determined (section 1.10.2) from continuous chlorophyll flu'orescence 
measurement (section 2.19). NPQ increased immediately after sunrise 
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following the same trend observed in PAR, with OE showing higher level 
than the WT. 
5.4 Induction of NPQ and photosynthesis 
Figure 5.4A shows the time course for the induction of NPQ induction 
during transition from dark adaptation to saturating actinic light 1500 IJmol 
m-2 S-1. WT and OE rice leaves showed a large NPQ transient induced during 
the first 5 mins of illumination. This transient was approximately 21 0/0 
higher than NPQ level at steady state following 20 mins of illumination in 
both lines. Similar types of NPQ transient have been reported in rice lines 
overexpressing PsbS protein when grown at light intensity of 600 IJmol m-2 
S-1 (Hubbart et ai, 2012) and in Arabidopsis when grown at very low light 
levels (Kalituho et ai, 2007). 
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Figure 5. 3 24 h fluctuations in (A) photosynthetically active radiation (PAR) 
measured at interval of 8 min and (B) NPQ for wild type (WT) and Overexpressor 
(OE) line measured at 10 min interval. Each point corresponds to average readings 
across 7 consecutive days (6-12 June, 2012). Means, n=7. 
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In RNAi rice leaves however, the transient was completely absent instead 
there was a slow rise in NPQ. Throughout the period of illumination, NPQ 
level was severely reduced in the RNAi plants. OE maintained higher rate of 
NPQ at steady state compared to the wild type, suggesting that pgr5 is 
essential for NPQ formation in rice following transition from dark to light 
and at steady state. 
A slow relaxation of NPQ in the dark was observed in the RNAi lines. In the 
wildtype and OE lines however, most NPQ relaxed rapidly when actinic light 
was switched off. Figure 5.4B shows the separation of the dark relaxation 
kinetics from Figure 5.4A into the fast (qE) and slow relaxing (qI) 
component of NPQ. In the WT and OE, only about 13% and 14% of NPQ 
was of the qI-type, suggesting a high proportion of NPQ in these plants 
were of the qE-type. In contrast, a large part of the quenching due to 
photoinhibition (37.5 %) in the RNAi is the slower qI-type. This observation 
in the RNAi is consistent with previous studies which suggest that 
impairment of cyclic electron transport by mutation of pgrS suppressed qE 
and accelerated photoinhibition (Takahashi et ai, 2009) ie. a permanent 
closure of PSI! reaction centers as a result of damage caused by excess 
light energy (Johnson & Ruban, 2010). 
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Figure 5.4 Chlorophyll fluorescence analyses during induction from darkness. 
(A) Induction from darkness of non-photochemical quenching (NPQ) in wild type 
(WT), overexpression (OE) and RNA interference (RNAi) lines measure at an actinic 
light of 1500 IJmol m-2 s-l, a cuvette CO2 concentration of 400 IJI L-1 and relative 
humidity of 60%. Leaves were dark adapted for 2h. At 20 min the actinic light was 
switched off. Means ± SE (n = 4-8). (8) Separation of qE and qI components of 
nonphotochemical quenching in leaves of wild type (WT), OE and RNAi lines. qE 
and qI were calculated as described in section 1.11.3. Means (n = 4-8). 
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To determine the efficiency at which PSII uses absorbed light energy, 
chlorophyll fluorescence parameters relating to PSII photochemistry were 
measured concurrently during NPQ induction (Figure 5.5). The proportion of 
open reaction centres denoted by photochemical quenching (qP) was 
significantly lower in the OE and RNAi (P<0.05) lines compared with the WT 
(Figure 5.5A). As was the case with qP, efficiency of PSII photochemistry 
(¢PSII) was consistently lower in the OE and RNAi compared to the WT in 
the crop glasshouse (Figure 5.58). 
Figure 5.5C shows CO2 assimilation rate in the WT and transgenic lines. In 
the presence of actinic light intensity of 1500 IJmols m-2s-1, rate of CO2 
assimilation in the OE and RNAi was significantly lower (P<0.05) than 
observed in the WT at induction and at steady state. 
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Figure 5. 5 (A) photochemical quenching (qP) and (B) quantum yield of PSII 
[cp(II)] (C) rate of CO2 assimilation (I-Imol CO2 m-2s-1) for wild type (WT), 
Overexpressor (OE) and RNA interference (RNAi) lines measured at an actinic light 
of 1500 I-Imol m-2 S-l, a cuvette CO2 concentration of 400 1-11 L- 1 and relative 
humidity of 60%. Leaves were dark adapted for 2h. At 20 min the actinic light was 
switched off. Means ± SE (n = 4-8). 
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35 
5.5 Photosynthesis 
In order to investigate the effect of PGR5 on leaf photosynthetic capacity, 
the dependency of net CO2 assimilation on light was assessed in the crop 
glasshouse. OE and RNAi showed significantly lower Amax (30% & 500/0, 
respectively) than the WT as shown in light-response curves (Figure 5.6) 
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Figure 5. 6 Light response curve of photosynthesis for wild type (WT), 
2500 
Dverexpressor (DE) and RNA interference (RNAi) lines. Means ± SE (n = 4-8). 
Dependency of CO2 assimilation (A) on intercellular leaf CO 2 concentration 
(Ci) was investigated in the WT and PGR5 transgenic rice. Analysis of 
assimilation-intercellular CO2 concentration at light intensity of 1500 ~mol 
m-2 s-1 shown in Figure 5.7A was carried out to derive information on the 
maximqm catalytic activity of Rubis~o (Vcmax) a photosynthetic key 
enzyme catalyzing CO2 fixation, maximum rate of electron transport activity 
(Jmax) and triose phosphate utilisation (TPU) (Von Caemmerer & Farquhar, 
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1981). Measurements were taken on cloudy days to minimize possible 
losses from the effect of photoinhibition, high rate of transpiration and 
decreased leaf stomatal conductance, which may singly or collectively 
decrease rate of leaf photosynthesis under high sunlight. Results are shown 
in Figure 5.76. The Vcmax values were significantly reduced in the OE and 
RNAi lines compared to the WT (P<O.05; Figure 5.76) indicative of limited 
activity or amount of Rubisco. Ability to increase rate of photosynthesis 
even in the presence of excess CO2 (> TPU) was significantly reduced in the 
RNAi plants (P<O.05; Figure 5.76). Jmax was significantly lower (P<O.05) 
in the RNAi lines compared to the WT and OE indicating a lower capacity for 
electron transport. There was no significant difference in the Jmax between 
the WT and OE. 
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Figure 5. 7 Photosynthetic traits in the wild type (WT), Overexpressor (OE) and 
RNA interference (RNAi) lines (A) Intercellular CO 2 concentration (Ci) response of 
net CO2 assimilation. (6) Calculated values from A-Ci analysis for the lines studied 
using the tool in Sharkey et al (2007) to compute values for maximum catalytic 
activity of Rubisco (Vcmax), maximum electron transport activity (Jmax) and triose 
phosphate utilization (TPU). Means ± SE (n = 5-7), *P<0.05. 
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5.6 Growth and biomass analysis 
To assess growth characteristics of WT and PGRS transgenic plants, whole 
plant morphology (Figure 5.8) were investigated weekly throughout the 
vegetative growth period. Plant height was determined by measuring with a 
ruler from the base of the plant to the tip of the longest leaf on the main 
tiller (Figure S.8A). All plants showed progressive increase in height to 92 
DAG. The RNAi attained approximately same height (110.86) as the DE 
(110.35). the tallest plant height, of 122cm, was observed in the wild type 
(P<O.OS) 
Figure S.8B presents average total number of tillers produced 92 days after 
planting. Total number of tillers increased over time with DE showing the 
highest number of tillers ( rv 7, P<O.OS) compared with the WT ( rv 6). Least 
number of tillers was produced by the RNAi ( rv 2, P<O.OS). 
Figure S.8C shows leaf width 92 days after planting. Leaves were 
significantly narrower in the DE plants compared to those of the WT and 
RNAi. 
Biomass characteristics of WT and PGRS transgenic rice are shown in Table 
5.1. Total fresh weight was significantly reduced .in the RNAi line while 
there was no significant difference between total fresh weight for the WT 
and DE lines. Similar trend were seen in the dry weight and total leaf area. 
The leaf area ratio (LAR) is the ratio of leaf area to total weight. LAR was 
significa'ntly higher in DE and RNAi lines compared with. the wild type while 
specific leaf area (SLA, leaf area per unit leaf dry weigh~), a measure of leaf 
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relative thickness (Evans & Poorter, 2001) was significantly higher in the 
OE line compared with the WT and RNAi. 
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Figure 5. B Changes in (A) plant height (cm) and (6) average number of tillers by 
wildtype and PGRS transgenic rice canopy on different dates. (C) Final leaf width 
(cm) 92 days after planting for wild type (WT), Dverexpressor (DE) and RNA 
interference (RNAi) lines. Means ± SE, n=30-BO, P<O.OS. 
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Table 5. 1 Total fresh weight (FWT), total dry weight (DWT), leaf area ratio (LAR) 
and specific leaf area (SLA) of wildtype and PGR5 transgenic rice grown in the crop 
glasshouse 92 days after planting. Means ± SE, n=30-80. *P<0.05. 
Plant type WT DE RNAi 
Total FWT (g) 74.15 ± 5.39 55.40 ± 3.33 24.57 ± 3.21 * 
Total DWT (g) 12.59 ± 1.11 8.95 ± 1.05 3.86 ± 0.59* 
Leaf area (cm2 ) 1318.12 ± 102.94 1207.58 ± 55.19 498.39 ± 50.23* 
LAR (cm 2/g) 109.82 ± 4.15 141.63 ± 8.29* 137.20 ± 10.87* 
SLA (cm 2/g) 233.93 ± 6.68 294.63 ± 13.86* 259.15 ± 17.45 
A progressive increase was observed in canopy characteristics of WT and 
transgenic rice days after planting (Figure 5.9). 
Figure s.9A shows fractional light interception (LIf) in WT and transgenic 
plants. LIf was highest in the OE and WT throughout the vegetative growth 
stage compared to RNAi intercepting the least (P<O.Os). 
Leaf area index (LAI) is defined as the projected area of leaves per unit 
area of soil surface enabling assessment of canopy density and biomass. 
LAI 88 days after planting shown for the WT and PGRs transgenic rice is 
presented in Figure s.9.!3. LAI was significantly lower in the RNAi line 
compared to the OE and WT days after planting. There were no significant 
difference in the LAI of the WT and OE lines except between 74-88 days 
after planting were LAI for the OE increased sharply (P<O.Os). 
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Figure 5. 9 Changes in the (A) fractional interception and (8) leaf area index (LAI) 
of solar radiation by wild type (WT), Overexpressor (OE) and RNA interference 
(RNAi) lines canopy on different dates. Means ± SE (n=5). 
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5.7 Discussion 
WT and PGR5 RNAi and OE rice crops were grown to the canopy level in a 
crop glasshouse to determine the potential function of the PGR5 CET on 
photoprotection, photosynthetic capacity and growth performance. At a 
saturating measuring light of 1500 IJmolsm-2s-1, the amplitude and kinetics 
of NPQ induced as well as the rate of CO2 assimilation were consistent with 
results obtained from the growth room experiments (Section 4.3). Rate of 
photosynthesis (Amax) was significantly lower in the OE compared to the 
WT, which may be attributed to reduction in Rubisco content and/or 
Rubisco activity and not RuBP regeneration (Section 6.5). This is consistent 
with findings under controlled growth chamber conditions. 
The efficiency of solar radiation use by rice leaf canopy for CO2 assimilation 
was investigated in this study. High LAI is important for efficient light 
interception and in rice has been reported to be in ,the range of 4-7 
(Yoshida, 1972). Rapid increase in leaf area index (LAI) was observed in 
this study ranging between 0.59 - 5.4. Horie & Sakuratani (1985) found 
that when LAI is small in rice, there is a direct relationship between canopy 
CO2 assimilation rate and LA!. In the WT and OE, a similar level of 
. fractional light interception and utilization particularly at early stage of 
vegetative growth, may partly explain the non-significant difference in their 
biomass accumulation. However, LAI in OE reached a maximum level 
earlier than in the WT and RNAi .. This may be due' to the high number of 
tillers produced by the OE which may. increase leaf shading and reduce 
canopy photosynthesis (Evans & Poorter, 2001; Hayashi, 1972). High SLA 
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(P<O.OS) observed in the OE days after planting agrees with the possibility 
for leaf overlap/shading (Evans & Poorter, 2001; Hayashi, 1972). 
Tiller number and plant height are major traits of agronomic importance 
which partly determines adaptability of a plant to cultivation, its harvest 
index and potential grain yield (Reinhardt and Kuhlemeier, 2002). In this 
study, numbers of tillers increased significantly in the OE throughout the 
experimental period in the glasshouse. Whether such tillers will be 
productive in terms of yield could not be determined within the duration of 
this experiment. However, excess tillers can cause high tiller mortality, 
small panicles, poor grain filling and consequently reducing grain yield 
(Peng et al. 1994). In rice, early tillering in the absence of late-tillers 
prompted higher partitioning of assimilates to panicle at crucial stages like 
booting and anthesis to enhance grain yield (Mohapatra & Kariali 2008). 
Van Quyen et al (2004) indicated that additional tillers become 
unproductive and lead to excessive LAI and vegetative growth, and a 
favorable environment for disease development resulting in a higher 
percentage of unfilled grains. 
Plant height is affected by environmental conditions (Yoshida 1981). In the 
. high-density rice field, individual plants prolong the,ir culm to get light due 
to increasing competition for light (Van Quyen, et ai, 2004). In the crop 
glasshouse experiment, plant height of OE and RNAi were lower than the 
WT. Light interception as well as biomass was sign"ificantly lower in the 
RNAi. 
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CHAPTER 6: GENERAL DISCUSSION 
6.1 Introduction 
Despite progress made in recent years in our understanding of PGR5-
dependent photosystem I cyclic electron transport and its role in 
photosynthesis particularly in the model organism, Arabidopsis thaliana, 
little is known . about the function of this protein in more resource 
demanding plant such as rice. Moreover the role of PGR5-dependent cyclic 
electron transport in photoprotection and its potential impact on 
photosynthesis is not yet well understood. 
This work aimed to improve current knowledge of the regulation of cyclic 
electron transport with respect to leaf photosynthesis and specifically 
determine the role of the PGR5 protein in photoprotection and 
photosynthetic productivity in rice. 
Chapter 3 was involved with physiological and morphological 
characterization of transgenic rice plants with manipulated levels of the 
.-
PGR5 protein grown under non-photoinhibitory stress. The response of 
these transgenic rice plants to dynamic conditions was investigated in 
Chapter 4. In Chapter 5, the role of PGR5 in photoprotection, 
photosynthesis and growth performance in rice crop at the canopy level 
was explored. 
This chapter considers the role of the PGR5 protein in .steady and dynamic 
conditions and aims to enhance our understanding of the mechanism. of 
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photoprotection, fundamental to a better understanding of crop 
photosynthesis and our ability to improve crop yield. 
6.2 PGRS is involved in CET in rice 
Many previous studies have examined PGRS-dependent CET around PSI 
and have revealed its occurrence mainly under stress conditions such as 
high light, drought and low CO2 (Nandha et ai, 2007; Munekage et ai, 
2002). In this study CET was stimulated under ambient conditions in rice 
leaves overexpressing the PGRS protein grown not only under high light, 
but also under non-saturating light intensity (Figure 3.8). To test for 
increased CET capacity, repetitive saturating-pulses for assessment of 
fluorescence and P700 absorbance changes was applied as described in 
section 2.16 to give an estimate of effective quantum yield of PSII [ct>(II)] 
and PSI [ct>(I)]. Involvement of CET should increase ct>(I), with CET 
requiring excess of PSI turnover possibly to meet enhanced metabolic 
demand for ATP. Therefore, comparing the quantum yield of both 
photosystems, variations in the ratio of the effective quantum yield of PSII 
[ct>(11)]· to PSI [ct>(I)] should give us an indication of the occurrence of CET. 
This study showed that PGRS-dependent CET, manifested as the decrease 
. in ct>(II):ct>(I), was actively occurring in rice leaves grown under non-
saturating light although it's rate increased significantly with 
overexpression of the PGRS protein when the LET pathway is fully saturated 
(see Chapter 3). The negative correlation between' ct>(II) :ct>(I) and NPQ 
indicate .. that PGRS-dependent CET produced a pH gradient across the 
thylakoid membrane sufficient enough to drive NPQ and/or maintain it in 
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line with the view of Johnson (2004) that the maximum rate of cyclic flow 
was sufficient to support the ~pH required to maintain NPQ. 
6.3 PGRS is essential. for NPQ induction of photosynthesis 
In this study, transient NPQ was observed in rice leaves during the 
induction period of photosynthesis i.e. dark to light transition, under steady 
as well as fluctuating light in ambient CO2 • The size of this NPQ transient 
was dependent upon the level of the PGRS protein, which was absent in the 
RNAi but increased in the OE lines. This is supported by western blotting 
which show that PGRS in thylakoid proteins accumulated in the OE but was 
absent in the RNAi lines. The appearance of transient NPQ can simply be 
explained by the rapid generation of transthylakoid pH gradient (~pH) upon 
sudden dark to light transition, probably related to a restriction of the LET 
chain, and its subsequent breakdown as reactions of the Calvin-Benson 
cycle and other assimilatory processes become fully active (Cardol et ai, 
2010; Horton, 1983). Indeed the large NPQ transient observed within the 
first 10 min of induction under high CO2 concentration (Chapter 4) 
coincided with a reduced rate of CO2 assimilation and yield of PSJI within 
the same time period due to the requirement for light activation of 
enzymes and accumulation of metabolite pool. sizes, which relaxes 
completely as CO2 assimilation becomes fully activated at steady state. 
Both CET and water-water cycle are thought to. be involved in the 
generation of ~pH across the thylakoid membrane for inductron of NPQ 
(Finazzi et ai, 2004) although recently CET has been associated with NPQ 
during induction of photosynthesis (Cardol et ai, 2010; Nandha et ai, 2007; 
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Munekage et ai, 2002; Allen, 2002), particularly when the PGRS protein 
over-accumulates in vivo (Okegawa et ai, 2007). An increase in CET was 
seen in rice leaves overexpressing the PGRS protein based on the 
cP(II):cP(I) assay which was highly correlated with level of induced NPQ 
within the time period of 10 min, similar to the time previously reported in 
rice (Hubbart et ai, 2012). In addition, the NPQ transient was consistently 
absent in the RNAi lines under the various conditions described in this study 
i.e. in plants grown under low or high constant light and those grown under 
fluctuating natural light. The water-water cycle may also contribute towards 
the induction of the NPQ transient as suggested by Makino et al (2002) 
although the contribution of this cycle could not be quantified in this study. 
The same authors concluded that CET can be a main starter of 
photosynthesis when the water-water cycle is suppressed. 
However, the consistent occurrence of the NPQ transient in overexpressing 
lines and its absence in the RNAi lines under constant and fluctuating light 
condition in this study clearly suggests that the PGRS protein is essential 
for cyclic electron flow in rice during induction period of photosynthesis. 
6.4 PGRS is essential for NPQ during steady-state 
photosynthesis 
Many researchers have debated the occurrence of CET under steady state 
conditions (Golding et ai, 2004; Makino et ai, 2002;. Joliot & Joliot, 2002; 
Joet et ai, 2002; Harbinson & Foyer, 1991; Herbert et ai, 1990): Munekage 
et al (2008) suggested that PGRS may be more important during stea.dy-
state photosynthesis based on the inability of A. thaliana pgrS mutant to 
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induce qE. A similar observation was made by Okegawa et al (2008) based 
on their experiment with ruptured chloroplasts of A. thaliana pgr5. In 
contrast, Okegawa et al (2007) showed that the overaccumulation of PGR5 
enhanced qE induction transiently and not at steady state in fluctuating 
light. In fact, Livingston et al (2010) suggested that PGR5 was not essential 
for cyclic flow at steady-state. However, Heber et al (1978) pOinted out 
that cyclic electron flow contributes to ATP synthesis for carbon 
assimilation, since this cyclic flow and CO2 assimilation are sensitive to 
antimycin A. 
Results in this study showed that at a light intensity of 500 IJmol m-2s-1, 
steady-state levels of NPQ were almost the same in the OE lines and WT 
but significantly lower in the RNAi lines (Chapter 4) suggesting that PGR5 is 
essential for CET at steady state under non-saturating light intensities in 
rice. Furthermore, at higher light when transient NPQ relaxed in the WT, as 
the enzymes of the Calvin-Benson cycle are activated, the OE were able to 
maintain higher level of NPQ even after 30 min of illumination accompanied 
by down-regulation of LET. Also, the high NPQ phenotype was sustained at 
steady-state in PGR5 overexpressors under low moisture stress and when 
grown as a crop under fluctuating natural light in the glasshouse (see 
Chapter 5), indicating that the PGR5 protein is required for full expression 
of NPQ in rice at steady state photosynthesis under constant light, stress as 
well as in fluctuating natural light. 
In addition the relaxation of NPQ at"" steady state in the WT indicates a 
progressive substitution of CET by LET as enzymatic reactions of 
photosynthesis are activated (Breyton et ai, 2006). However, high NPQ 
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sustained at steady state in OE suggest a higher requirement for CET 
activity at saturating light due partly to significant reduction in the 
maximum rate of carboxylation as well as stomatal closure in rice which 
would in turn increase the demand for ATP possibly through 
photorespiration (see next section). Nevertheless, the activity of PSI CET is 
enhanced, releasing greater amounts of protons into the thylakoid lumen to 
build a high 8pH for generation of NPQ, accompanied by down-regulation 
electron transport through PSI! in saturating light. 
These findings are consistent with those of Miyake et al (2004), who found 
that limitation of LET enhanced cyclic electron flow around PSI which in 
turn helps to dissipate excess light energy by driving NPQ in intact leaves of 
tobacco. The maximum rate of CET shown to be approximately two-thirds 
the maximum rate of LET (Golding & Johnson, 2004) was suggested 
sufficient to support the 8pH required to maintain NPQ (Johnson 2004). 
6.5 PGR5 impact on CO2 assimilation 
Apart from generating 8pH for NPQ formation, CET is also suggested to 
function in supplementing the required amount of ATP needed for a 
balanced ATP/NADPH consumption of the Calvin-Benson cycle. The actual 
requirement for ATP/NADPH was outlined by Allen (2003). The Calvin-
Benson cycle will require 3ATP:2NADPH per CO2 assimilated under 
conditions where both CET and LET function. On .the basis of the ATP 
synthase mechanism, 14 protons are required to synthesize" three ATP 
(4.67 H+/ATP; Seelert et al. 2000). However, the LET can only translocate 
12 protons for every -- four electrons in the LET chain (3H+/e-). Thus, the 
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linear electron flow can generate 2.55ATP/2NADPH (12 protons x 3 ATP/14 
protons) with a shortfall of about 0.45 ATP, likely to be met via CET 
synthesis of additional ATP. The CET translocates 2H+/e- to balance the 
shortfall of 2 protons (Allen, 2003). 
The changes in the NPQ attributed to increased CET described above (6.4) 
can be linked to the rate of CO2 assimilation in the leaves. This effect is 
seen as consistent reductions in rate of CO2 assimilation at induction and at 
steady state assimilation rates in the OE lines (see Chapters 4 & 5). The lag 
in the rate of photosynthesis during induction is normally associated with 
slow activation of the Calvin-Benson cycle and other assimilatory 
processes. Thus the extra NPQ in the OE lines compared to the WT 
corresponds with lower assimilation rate. 
At steady state under low light of 500 IJmol m-2s-1, leaves are just emerging 
from induction, increasing activation of CO2 assimilation will increase ATP 
utilization, reducing ~pH and NPQ relaxes. In addition, LET out-compete 
CET, as rate of PSII excitation increases until a state of balance is reached 
within the electron transport system. However, under a high light intensity 
of 1000 IJmol m-2s-1, rice leaves are saturated or at the point of saturation. 
A large fraction of P700 is also simultaneously, oxidized under strong 
illumination increasing CET, reducing rate of LET (Joliot &' Johnson, 2011;' 
Ott et ai, 1999). CO2 assimilation rate becomes limited due partly to the 
down-regulation of LET. 
The rate of photosynthesis can be limited via three basic biochemical 
processes (Vcmax, Jm,ax and TPU, see Chapter 3). The entry point of CO2 
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into the Calvin-Benson cycle is through Rubisco while the primary CO2 
acceptor in the cycle is ribulose-1,5-biphosphate (RuBP). Based on 
Farquhar et al (1980) model of photosynthesis, Vcmax may be Rubisco or 
CO2 limited while Jmax is RuBP regeneration or light limited. 
In the OE lines, low Vcmax associated with lower Rubisco content and/or 
decreased Rubisco activities as well as low gs indicate that under ambient 
CO2 conditions,· CO2 assimilation may be co-regulated in rice by Rubisco 
and stomatal resistance which partly explain the lower rate of PSII electron 
transport capacity in these plants (Chapter 3). This was confirmed by the 
increased CO2 assimilation rate under high CO2 concentrations (Chapter 4), 
which implies that under ambient CO2, RuBP carboxylation by Rubisco 
(Vcmax) was inhibited, promoting Rubisco oxygenase activity and hence 
photorespiration. The oxygenase activity of Rubisco initiates 
photorespiration in plants (Tolbert et ai, 1995). In addition, reductions in 
the total chlorophyll content were observed in some of these transgenic 
plants when compared to the WT (Chapter 3) which might indicate 
reductions in Rubisco leaf content (Quick et ai, 1991). 
The reduction in Vcmax in the transgenic OE lines that reduces capacity of 
CO2 assimilation may have a 'knock-on' effect on results for both CET and 
LET. Reductions in CO2 assimilation implies that PSI electron acceptor, 
ferredoxin (Fd), becomes increasingly reduced due to limitation of NADP+ 
regeneration. Accumulation of reduced Fd is likely to promote CET by 
increasing plastoquinone reduction, subsequently increasing the Q cycle 
translocation of H+ into the lumen for ATP synthe,sis and NPQ thereby 
down-regulating LET (Heber and Walker, 1992). The low NPQ in the RNAi 
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lines in this study implies an inability to generate ~pH required to drive ATP 
synthase for ATP synthesis consistent with pgrS muta nt phenotype 
described by Munekage et al (2008). ATP supply for photosynthesis cannot 
be met, leading to inhibition of CO2 assimilation, since hydrolysis of ATP is 
required for Rubisco activation (Quick et ai, 1991; Portis, 1990) which 
might suggest that PGRS function supplying ATP for Rubisco activase partly 
explaining the low Vcmax in the RNAi lines. 
The low rate of RuBP regeneration (Jmax) and CO2 assimilation in the RNAi 
lines even at high CO2, suggests that Rubisco-associated limitations is not 
the sole factor limiting photosynthesis in rice in the absence of the PGRS 
protein but rather limitation partly lies in electron transport. Infiltration 
with MV showed PSI acceptor side limitation in the RNAi lines (Chapter 3) 
which may cause over-reduction of the stroma as well as 
photoinhibition/photodamage of PSI, leading to reduced LET (Munekage et 
ai, 2002). In a recent study, Huang et al (2010) showed that PSII activity 
could not be recovered if PSI is severely photodamaged. 
The Jmax and cpPSII at high CO2 allows a comparison of the linear electron 
transport capacity of the transgenic lines to that of the WT. According to 
Sharkey (1998), in conditions when RuBP regeneration is limited, increases 
in C02, which suppresses photorespiration, direct more RuBP and energy 
captured by the PET chain to carboxylation·· reactions without altering the 
limitation of RuBP regeneration. Quite reasonably, similar phenomena were 
."" 
also found in the transgenic lines in this study. Unlike under ambient CO2 
level, where cpPSII in the OE was Significantly lower, than the WT both in 
the controlled growth environment and crop ~glasshouse, cpPSII in the OE 
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was not significantly different from the WT under elevated CO 2 • This may 
be due to increased carboxylation rate as photorespiration was suppressed. 
This is consistent with the Jmax in the OE lines, which was not different 
from the WT, clearly suggesting that in the OE transgenic rice lines under 
ambient conditions, the rate of photorespiration was higher, due to 
reductions in carboxylation rate, thereby reducing rate of LET to the Calvin 
cycle while increasing CET. This result thus fits with the reductions 
observed in the Vcmax of the OE lines. Taken together, the Vcmax, OE and 
cpPSII results described above clearly show that photorespiration and 
Rubisco-associated limitations significantly influenced rate of CO2 
assimilation in rice plants overexpressing the PGRS protein, likely 
increasing the demands of these lines for ATP. The reduction in cpPSII of 
the RNAi under high C02 could be attributed to possible 
photodamage/photoinhibition as suggested earlier. 
6.6 Role of PGRS in stress alleviation 
In conditions of low atmospheric and soil moisture, plants tend to close 
their stomata to reduce transpiratory losses, restricting CO2 uptake (Ci) by 
leaves (Flexas et ai, 2004, 2006), thereby limiting Rubisco carboxylation. 
This process subsequently increases RuBP oxygenation, increasing 
photorespiration thereby reducing a plant's ability to efficiently utilize the 
reducing power of NADPH, the final product of li!1ear electron transport. 
Similar reports have shown that mild drought stress in plants is 
accompanied by increased partitioning of electrons to 'photorespiration as a 
result of the increase in Rubisco oxygenase activity (Wingler et ai, 1999) 
leading to an increased .. demand for ATP. ~ Osmond (1981) showed the 
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importance of CET during photorespiration in supplying the additional 
required ATP. The shortfall may be worsened under stress conditions, 
where additional ATP is needed to drive other processes such as protein 
repair and transport. 
In this study, the small reduction in gs, and a relatively large change in Ci 
observed under low moisture levels, indicates that photorespiration is 
involved, increasing the demand for ATP due to decrease in CO2 
assimilation to result in an imbalance in the ratio of ATP/NADPH. The 1.5 
ratio of ATP/NADPH required by the Calvin-Benson to fix a molecule of CO2 
is reduced to about 1.42 when photorespiratory loses and nitrate 
assimilation is considered (Edwards & Walker, 1983). PGR5-dependent CET 
responds to this imbalance in ATP/NADPH by increasing its activity to meet 
the shortfall in ATP, thus increasing transthylakoid proton gradient (8pH) 
required for generation of NPQ and down-regulating LET as seen in reduced 
cpPSII. This result is consistent with the findings of Golding & Johnson, 
2003. This dynamic response mainly attributed to PGR5 in this study is 
seen in the strong but negative correlation between NPQ and rate of CO 2 
assimilation in the WT. Indeed, the PGR5-CET pathway appears to be a 
flexible way by which plants maintain a balanced flow of electrons while 
meeting the required level of ATP. 
The increase in electrons partitioned to the process of photorespiration 
under conditions limiting photosynthesis such as· low moisture could 
. -
prevent the over-reduction of the photosynthetic electron transport chain 
and photoinhibition by allowing metabolism to continue using the products 
of photosynthetic electron transport (Osmo~d and Grace, 1995) thereby 
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preventing over-reduction of the stroma. A reduced level of photoinhibition 
is seen as low qI component of NPQ in the OE lines in this study. However, 
results from this study raise the question of whether increase in the 
demand for ATP attributed to the photorespiratory process is directly linked 
to the overexpression of the PGRS protein? If it does, how? 
Photorespiration provides metabolites for other metabolic processes such 
as supplying glycine for the synthesis of glutathione, a component of the 
anti-oxidative system in plants involved in stress protection. Synthesis of 
glutathione was recently highlighted to be regulated by the photosynthetic 
electron transport system based on its requirement for ATP (Queval & 
Foyer, 2012). Thus under conditions limiting CO2 assimilation rate, 
enhancing photorespiration, PGRS-dependent CET plays an important role 
in photoprotection of PSI and PSI!. In this way the processes of 
photorespiration, oxidative stress and cyclic electron transport are linked. 
Although the Calvin cycle is known to require more ATP than NADPH, 
photorespiration is a major contributory factor to increased ATP 
requirement in rice. This is in line with recent studies by Jung et al (2008). 
These workers on analysing light induced transcripts in rice revealed 
significant enrichment of the Biological category of GO Slim terms related 
to known light responses, including photosynthesis and photorespiration. 
Because photorespiration is a continuous light- dependent reaction under 
steady decline in moisture level, which is likely to worsen demand for ATP, 
PGRS-dependent CET activity is in continuous operation, seen as 
continuous increase in NPQ at steady-state photosynthesis in the OE lines 
in order to meet such demand, probably protecting thylakoid components 
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from potential damage. In addition, CET is likely to be sustained by the 
limitation to NADP+ regeneration due to reduced cpPSII as seen in the OE, 
while reduced ferredoxin accumulates to enhance CET. Indeed, as 
mentioned earlier, CET is suggested sufficient to support the ~pH required 
to maintain NPQ (Johnson 2004). These results suggest that PGR5 function 
in stress alleviation both in the short- and long term and that the PGR5-CET 
is sensitive to changes in the redox state of the chloroplast stroma via 
ATP/NADPH ratio. This result implies that the ATP/NADPH modulates PGR5-
dependent CET in rice, consistent with previous general views (Johnson, 
2005; Bendall & Manasse, 1995). 
Based on genetiCS and reverse-genetics approaches, the loss of either NDH 
or PGR5 pathways of CET were suggested to be compensated by.each other 
in Arabidopsis (Munekage et ai, 2002; Avenson et ai, 2005). The findings 
here suggest otherwise in rice. The PGR5 RNAi rice lines showed a 
consistent phenotype under stress and non-stress conditions and under 
high CO2 • The differences in findings might not be unrelated to their 
contrasting physiology (Hubbart et ai, 2012) in addition to differences in 
the two plants mentioned earlier (section 6.1). This is not surprising since 
the PGR5 gene showed high conservation within the monocot group 
(Chapter 3). Furthermore, the best documented cases· of genome 
conservation are from the grass family, Poaceae (Devos & Gale, 2000) to 
which rice belongs. Adopting new approach of complete sequencing and 
annotation of bacterial artificial chromosome (BAC)-size clone" to catch a 
glimpse of genome similarities at the micro-level, (Zhu et ai, 2003; Liu et 
ai, 2001), comparisons of Arabidopsis and rice led to the conclusion that 
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Arabidopsis may not be adequate as a model for the structure of grass 
genomes (Liu et ai, 2001; Mayer et ai, 2001; Devos et ai, 1999). 
6.7 Effect of PGRS on growth and biomass in rice 
In the controlled growth chambers, biomass accumulation in the lines 
studied followed the similar pattern based on CO2 assimilation rate. This 
was not the case in the glasshouse experiment. Although Vcmax and Amax 
were significantly lower in the OE compared to the WT while its SLA was 
higher (P<O.OS), there was no significant difference between their biomass. 
This may be due to the light use efficiency of their canopy. 
A key prerequisite for enhanced crop growth and productivity through 
assimilate conversion into dry matter is to maximize the .amount of 
intercepted radiation (Hopkins & HOner, 2009; Squire, 1990; Monteith, 
1977). The light environment in a crop canopy described as leaf area index 
(LAI), partly determines the efficiency of canopy radiation utilization (San-
oh et ai, 2004). In the glasshouse, LAI in the OE and WT was not different 
and this was reflected in their biomass. Horie & Sakuratani (198S) found 
that when LAI is small in rice, there is a direct relationship between canopy 
C02 assimilation rate and LA!. LAI in the present study (S.4) was within the 
range (4-7) proposed by Yoshida (1972). The rapid increase observed in 
LAI towards the end ~.~ growth in the OE, ~ndicated the possibility of leaf 
shading, probably due in part to flat 'droopy' leaves (Figure 6.1). Increase 
in LAI· late in the season is likely to reduce canopy photosynthesis (Evans & 
Poorter, 2001). Non reduction in biomass accumulation in the OE may be 
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due to early establishment advantage due to LAI during the early growth 
stage. 
Tillering is closely related, to panicle number per unit ground area and plays 
an important role in rice grain yield determination (Van Quyen, et ai, 
'2004). Too few tillers result in too few panicles, but excess tillers cause 
high tiller mortality, small panicles, poor grain filling and consequently 
reducing grain yield (Peng et al. 1994). In modern rice varieties which tiller 
profusely, competing for resources under favorable conditions, about 50% 
of those tillers are productive (Van Quyen, et ai, 2004). Numbers of tillers 
increased significantly in the DE throughout the experimental period in the 
glasshouse. Whether such tillers will be productive in terms of yield could 
not be determined within the duration of this experiment. However, Van 
Quyen et al (2004) indicated that additional tillers become unproductive 
and lead to excessive LAI and vegetative growth, and a favorable 
environment for disease development resulting in a higher percentage of 
unfilled grains. In contrast, Zhong et al. (2002) revealed that LAI and plant 
N status are two major factors that influence tiller production in rice crops. 
The same number of tillers was produced by the RNAi in the crop 
glasshouse and controlled growth chambers. 
Plant height is affected by environmental conditions (Yoshida 1981). In the 
high-density rice field, ,individual plants prolong their culm to get light due 
to increasing competition for light (Van Quyen, et ai, 2004). In the crop 
glasshouse experiment, plant height of DE and RNAi' were lower than the 
WT. Light interception as well as biomass was significantly lower in' the 
RNAi. 
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The cause of the differences observed in biomass between the glasshouse 
and controlled growth chamber plants is not known, but could be due to 
variations in light qualities and quantities. 
Results from growth, biomass and canopy light use efficiency of WT and 
transgenic rice plants are consistent with our findings based on 
physiological characterization. Thus we conclude that the PGRS protein is 
essential for efficient leaf photosynthesis,' biomass accumulation and crop 
productivity in rice. However we could not identify any significant 
photosynthetic advantage due to overexpression of this protein except in 
photoprotection and regulation of the PET chain. 
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WT RNAi 
OE 
Figure 6. 1 Typical examples of the canopy of the wildtype (WT), RNA interference 
(RNAi) and overexpressor (DE) transgenic rice crops in the glasshouse. 
Note how the DE transgenic line has 'droopy' leaves with lower leaves shaded. 
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6.8 Regulation of PGRS-CET 
Results from this study suggest that the ATP/NADPH ratio modulates PGR5-
dependent CET in rice, consistent with previous general views (Johnson, 
2005; Bendall & Manasse, 1995). The question of mechanism arises. The 
mechanism implicated in regulating CEF is not known, but several plausible 
models were proposed including: via the redox state of NADPH/NADP+ 
(Munekage et aI., 2004), stromal ADP or ATP levels (Joliot and Joliot, 
2006), or the availability of PSI electron acceptors (Breyton et al., 2006). 
However the present study suggests the following (Figure 6.2): Under 
conditions where photosynthesis is less efficient or inhibited, the rate of 
CO2 fixation decreases and processes such as photorespiration and other 
stress-related damage imposes additional requirement for ATP. Because 
there is a deficit for ATP, the accumulation of NADPH and other PSI electron 
acceptors such as ferredoxin occurs in the chloroplast stroma leading to an 
imbalance in the ATP/NADPH ratio. PGR5-dependent CET rapidly responds 
to this cue by increasing the flux of electrons through the pathway in order 
to balance the redox state of the PET chain thereby diverting electrons from 
the NADPH pool to the plastoquinone pool. This process is sustained by 
accumulation of reduced ferredoxin because NADP+ ,regeneration is 
inhibited by the slow rate of CO2 assimilation. The increased rate of CET 
rapidly results in the formation of a ~pH across th~ thylakoid membrane, 
which., induces NPQ, as well as driying ATP synthase to produce ATP. 
Because of the high energy demand of photorespiration alongside CO 2 
fixation, CET/NPQ level is induced and sustained until ATP demand 
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decrease. Thus the PGRS-dependent CET may be important in meeting 
demands for ATP in rice. 
A 
PGRS 
1 
PSII Q 
B 
PSII Q 
~ ___ -. NADP (H) 
PSI 
~_.NADP (H) <.......... NADP+ 
............. ::~.~: .. \ 
PSI 
lphoto respiratio n Rubisco + 02 
1 Photo respiratio n Rubisco + 02 
Figure 6. 2 Model of possible cyclic and linear electror:l transport pathways in rice 
in (A) ideal condition where ATP/NADPH ratio is in equilibrium (6) conditions 
causing imbalance in the ATP/NADPH ratio as rate of Rubisco oxygenase activity 
and photorespiration increase. Arrows in red depict in~rease in rate. Dash arrows 
indicate reduction in rate 
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6.9 Conclusions 
This work aimed to improve current knowledge of the regulation of cyclic 
electron transport with respect to leaf photosynthesis and specifically 
determine the role of the PGRS protein in photoprotection and 
photosynthetic productivity in rice. To achieve this, physiological 
assessment of transgenic rice with manipulated levels of the PGRS protein 
was carried out in the control environment and glasshouse under constant 
and fluctuating light intensity. 
This study showed that PGRS-dependent CET was actively occurring in rice 
leaves grown under non saturating light although its rate increased 
significantly with overexpression of the PGRS protein when the LET 
pathway is fully saturated. At induction and steady state photosynthesis, 
the increased level of NPQ induced in the DE which was absent in the RNAi 
lines indicated that PGRS is essential for cyclic electron flow in rice both 
during induction and at steady state photosynthesis. 
Experiments under dynamic conditions such as low moisture indicated that 
the PGRS-dependent CET plays an important role in photoprotection of PSI 
and PSI!. Results from this experiment further suggest that PGRS could 
function efficiently in stress alleviation both in the short- and long term. 
Considering leaf photosynthesis, growth biomass accumulation in the 
glasshouse and controlled environment studies, results showed that the 
PGRS· protein is important in rice "'leaf photosynthesis. However, in a 
biomass experiment we could not identify any significant photosynthetic 
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advantage which could be attributed to overexpression of PGRS except in 
photoprotection and regulation of the PET chain. 
In terms of regulation of.. the electron transport system, results indicate that 
the ATP/NADPH ratio modulates PGRS-dependent CET in rice, and may be 
important in meeting the demand for ATP in rice. 
6.10 Future Work 
This works aims to provide a broad and comprehensive physiological 
characterization of the function of the PGRS protein in rice photoprotection 
and photosynthesis. Future work should focus on identifying the specific 
direct targets of PGRS involved in these processes. An attempt to address 
this goal has begun by preliminary microarray analysis of the. PGRS RNAi 
and WT which will enable identification and validation of novel transcripts of 
interest with important role in optimizing photoprotection and 
photosynthesis in order to drive future crop improvement programs. 
In addition, identification of some novel genes involved in plant signaling 
pathways which may influence biomass accumulation in rice and facilitate 
future manipulation of proteins of interest for further studies would be 
useful. In plants, proof of concept for this strategy has been demonstrated 
with the work of Frenkel et al (2009), which showed that photoprotection 
influences plant fitness, metabolism and gene. expression most likely 
through signalling pathways similar to our findings in the gen~ expression 
studies mentioned above. The possibility of a link between PGRS activity 
and gene expression and signalling pathways is intriguing and warrant 
further investigation. 
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It would be useful to evaluate the contribution of various Rubisco factors 
limiting CO2 assimilation such as inhibition in Rubisco activity, reduction in 
the amount of Rubisco present in the leaf, reduction in Rubisco specificity 
for CO2 or an increased affinity of this enzyme for O2 • This is based on the 
possibility of ~pH, reduction state of PSI acceptor side and or the degree of 
thioredoxin pathway modulating the activity of Rubisco activase (Ruuska et 
ai, 2000). Such may pave the way towards a clearer understanding of the 
regulatory mechanisms involved in the electron transport system in the 
chloroplast 
The physiological function of the water-water cycle in the transgenic rice 
plants leaves should be determined. 
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